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Abstract 
 
This study focuses on the feasibility of biologically activated carbon (BAC) to 
enhance natural organic matter (NOM) removal by subsequent coagulation. This will 
reduce chlorine demand and it is expected that the removal would also reduce 
disinfection by-products (DBP). The NOM is a heterogeneous mixture of complex 
organic materials abundantly occurs in all natural water sources. These organic 
matters are the potential precursors for the formation of carcinogenic DBP and cause 
several other water quality problems. Aimed mainly at removing particles in the 
water, the coagulation process, the major conventional water treatment method, 
removes only a small amount of higher molecular weight (MW) fractions of NOM. 
To remove a higher amount of organic matter, larger doses of coagulant, such as 
ferric or aluminium salts, need to be added. In a normal water treatment plant, 
coagulation tank is followed by flocculation tank and sedimentation basin to remove 
the flocs formed. With the requirement to process water quickly, especially in the 
treatment of low turbidity water the sedimentation tank is avoided and only smaller 
doses of coagulant are applied and subjected to direct filtration, such as in treatment 
plants of Sydney Water. Hence, the challenge is to remove more NOM effectively 
and increase the chlorine stability without increasing the coagulant dose.  
The BAC process is a cost-effective and environmentally friendly water treatment 
method for removing biodegradable organic matters (BOM). It is used as a polishing 
step followed by coagulation or ozonation. It is well known that BAC removes NOM 
of hydrophilic nature and smaller MW which is less amenable to removal by the 
coagulation and many toxic and endocrine compounds which are not otherwise 
removed. In addition, it is known the biological activities increase soluble microbial 
products (SMP) which in turn helped in aiding the NOM removal by subsequent 
coagulation in recycled wastewater. The study, for the first time, explores the 
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feasibility of using BAC as a pre-treatment of surface water to traditional coagulation 
process, equipped with direct filtration.  
The main objective of this research is to improve chlorine stability by enhancing the 
NOM removal by BAC followed by coagulation treatment process. To achieve this 
objective, BAC column was operated as a continuous, up-flow reactor at 20 minutes 
empty bed contact time (EBCT) and backwash was carried out weekly to avoid 
clogging. After long-term operation of BAC column (> 8 weeks), the physical 
adsorption capacity of activated carbon (AC) is exhausted and the microbial 
processes become increasingly important relative to the physical adsorption. At this 
stage dissolved organic carbon (DOC) removal from source water reaches ‘relative 
steady state’. The BAC column that operates relative steady state phase of DOC 
removal was utilised for this research studies. 
In surface waters, typical range of DOC is 4-10 mg/L and the reported biodegradable 
dissolved organic carbon (BDOC) level is low (5 to 21%) which matches with the 
removal efficiency of most BAC after prolonged operation. Hence, it is thought that 
organic carbon removal by BAC cannot be further improved. To understand the full 
potential of BAC to biologically remove DOC and to improve chlorine stability, 
water was incubated over a long period with granules obtained from a column of 
saturated BAC. The results suggest the BAC treatment has the potential to remove 
more organic carbon than the measured BDOC thereby, improve the chlorine 
stability if sufficient time is allowed. However, desorption occurs when influent 
DOC concentration falls below the equilibrium point of the surface DOC 
concentration of the BAC. Hence, the lowest possible DOC at the end of incubation 
was controlled by the adsorbed organic matter on BAC granules as confirmed by the 
aseptic desorption test with Milli-Q water. Further, the microbial community 
structure in the BAC granules and organic matter characteristic of the BAC treated 
water were also investigated.   
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The effectiveness of the combination of BAC followed by coagulation was 
investigated in compared with the existing process of coagulation/BAC combination 
in terms of DOC removal and chlorine stability. Each test was undertaken twice to 
confirm the results obtained during the first experiment. The results showed that the 
BAC can more effectively aid the water treatment process if used as a pre-treatment 
as the microbes in the BAC not only remove non-coagulable organic matters by 
adsorption but also increases the organic matter removal amenability by subsequent 
coagulation by generating coagulable substances.  Further, the results suggest when 
BAC treated water was subjected to coagulation, floc formation was improved and 
coagulation removes more organic carbon with less coagulant dose and increases the 
disinfectant stability in the water. In addition, organic matter characteristics of the 
treated water by various combinations; BAC/coagulation and coagulation/BAC were 
compared. 
The potential of enhancing the benefit obtained from using BAC as a pre-treatment 
by implementing the backwash at the correct time is also investigated. The active 
biofilm on the BAC contributes to NOM removal, but the excess growth may 
negatively influence the overall removal of NOM. The operation of a laboratory 
scale BAC column without backwashing for 14 days and subjecting the effluent 
collected at different time intervals from the last backwash to coagulation showed 
that the time required to achieve best possible DOC removal and chlorine stability by 
the BAC/enhanced coagulation (EC) combination compared to the EC alone was 
three days from the last backwash. Based on the assessment of BAC performance 
after backwash in aiding the subsequent coagulation possible time at which the 
backwash should be implemented was proposed. Further, microbial community 
studies were carried out to identify the influence of backwashing behaviour after the 
backwash and organic matters in the treated water characterised based on the liquid 
chromatography organic carbon detection (LC-OCD) analysis. 
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Eventually, to maximise the benefit of the BAC, a rethink of current treatment plant 
configuration is proposed. If the process can be expedited and adopted appropriately, 
BAC can solve many of the current problems facing the water treatment utilities. 
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Chapter 1 
 
Introduction 
 
1.1. Background 
In most part of the world, there is an increasing concern towards the effect of organic 
pollution that caused mainly by the natural organic matters (NOM) on drinking water 
treatment. All natural water sources contain NOM which primarily consists of a 
heterogeneous mixture of complex organic matters derived mainly from plants, 
animals, microorganisms and their waste and metabolic products (Ritson et al. 2014). 
The quality and quantity of the NOM has reported to be altered with the climatic 
changes (Delpla et al. 2009; Teixeira et al. 2011) and increasing NOM concentration 
was observed in several parts of the world (Eikebrokk et al. 2004; Korth et al. 2004) 
which in turn makes more difficult to remove NOM from water sources.  
The presence of NOM in surface water can negatively affect water quality by causing 
colour, undesirable taste and odour problems and act as a substrate for microbial 
growth (Fabris et al. 2008). Most importantly, NOM had been implicated as the 
direct cause for the formation of potentially harmful disinfection by-products (DBP) 
which significantly impacts on the delivered water quality (Świetlik et al. 2004). In 
addition, NOM controls the coagulant and disinfection demand and interferes with 
the performance of the water treatment processes such as membrane filtration. 
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Therefore, it is essential to control the concentration of NOM in treated water. 
However, elevated NOM levels, great seasonal variability and increasing populations 
in cities impose challenges to the water treatment plants in terms of optimising the 
design of new plants and the operation of the existing processes. 
The most common, economically feasible treatment of water for potable use is 
coagulation and flocculation followed by sedimentation and sand filtration compared 
with other alternatives such as oxidation and membrane filtration (Kastl et al. 2016; 
Schäfer et al. 2001). Therefore, optimisation or enhancement of coagulation process 
could be the main treatment option for better control of NOM and biological 
stability. Historically, the primary concern of coagulation in drinking water treatment 
was the removal of turbidity, colour and pathogens (Budd et al. 2004). As result of 
the significant impact of NOM on water quality and regulation requirement of DBP, 
coagulation conditions are optimised (by enhanced coagulation (EC), i.e., by 
increasing the coagulant dose) for total organic matter removal. Generally, chemical 
coagulation is achieved by the addition of inorganic coagulants i.e. aluminium and 
iron salts. However, the dissolved organic matters can only be partially removed by 
the coagulation and treatability of organic matters present in the natural water is 
affected by several physical and chemical factors of water.  
1.1.1 Limitations in coagulation 
• The coagulation is more effective in removing hydrophobic, higher molecular 
weight (MW) fraction of NOM (≥ 1 kDa) while the low MW (LMW), hydrophilic 
fraction is considered least amenable to remove by coagulation (Korshin et al. 
2009; Matilainen et al. 2010a; Sharp et al. 2006b).  
• Thus, biodegradable organic matters (BOM) which comprise of most undesirable 
fraction of NOM (LMW, hydrophilic) is not affected by coagulation (Volk et al. 
2000). The BOM fraction of NOM is more reactive in the formation of more toxic 
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brominated and iodinated DBPs, responsible for higher chlorine demand (Hua et 
al. 2007) and bacterial re-growth in distribution systems (Escobar et al. 2001). 
• Removal capacity or treatability of NOM is greatly dependent on nature of the 
NOM, such as their electrostatic charge, structure, MW and hydrophobicity, type 
of coagulant and dosage, chemical characteristics of the water such as pH, 
temperature, alkalinity, and presence of divalent cations (Cao et al. 2011; 
Matilainen et al. 2010b). 
• Under certain conditions i.e. low turbid water, flocculation aid (usually a polymer) 
has been used to facilitate the process of floc formation and eventually add an 
additional operating cost. In addition, most of the flocculation aids are 
carcinogenic and with the reaction of chlorine or chloramine, there is a potential 
of DBP formation such as N-nitrosodimethylamine (NDMA) (Bolto et al. 2007).   
• Larger coagulant doses are required to remove higher amount of organic matters 
(Fisher et al. 2004). 
• The application of higher coagulant dose results in increased sludge volume 
together with the disposal cost of sludge and need larger settling equipment. On 
the other hand, larger sludge volume decreases the filter run time when direct 
filtration is implemented. Therefore, these factors limit the maximum dose of 
coagulant. 
Eventually, the coagulation process removes around 20-30% of NOM and 
hydrophilic part of the NOM retain after the coagulation. Furthermore, due to the 
high daily water demand (i.e. Sydney), some water treatment plants skip the 
flocculation and sedimentation stage and directly filter after the coagulation step to 
maintain high plant production rate or to reduce the processing time. Thus, the direct 
filtration process allows to remove around 5-15% of the NOM with about 10 mg/L of 
ferric chloride (FeCl3) coagulant dose.  
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Hence, the water treatment facilities need to invest additional treatment methods 
where the coagulation process becomes insufficient to reduce NOM.   
1.1.2 Biologically activated carbon (BAC) 
Other treatment methods that can be used to remove NOM from drinking water are 
advanced oxidation processes, activated carbon (AC) filtration, BAC, membrane 
filtration methods and magnetic ion exchange resin (MIEX®) techniques. Compared 
to the other treatment methods adsorption technologies provides acceptable water 
quality at a minimum cost (Kastl et al. 2016).  
AC is an effective adsorbent used in drinking water treatment due to its high surface 
area, well developed internal porosity and variety of surface functional groups (Satya 
et al. 2005). Moreover, the rough porous structure of AC serves as an excellent 
habitat for colonisation of microorganisms. Under conditions where the available 
adsorption sites of the AC bound with organic matters and slowly became saturated 
(‘exhausted’), AC media were amenable to microbial colonisation and grow into a 
significant biomass or biofilm (Simpson 2008). The term BAC is used where the 
bacterial activity is promoted on GAC media. Thus, the biological activity inside the 
AC can facilitate the removal of organic matters by adsorption and biodegradation 
and prolong the service life of AC filters (Lohwacharin et al. 2011).    
1.1.3 Distinct advantages of BAC  
The major advantage of BAC is the efficient removal of biodegradable organic 
compounds (LMW, hydrophilic) (Dussert et al. 1994) which is not affected by the 
coagulation process. The property of AC to adsorb and retain organic matters result 
in higher biodegradation efficiency therefore, BAC has the ability to remove even 
hardly biodegradable NOM from water (Zhang et al. 2010b).  
By the removal of dissolved organic carbon (DOC) particularly including BOM 
(LMW, hydrophilic fraction of DOC), the BAC process produces water that is more 
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easily disinfected with low chlorine demand (LeChevallier et al. 1992; Prévost et al. 
1998) and lowers the formation of harmful DBP formation including the more toxic 
brominated and iodinated DBP (Asami et al. 2009).  
Further, the higher removal efficiency of biodegradable organic compounds reduces 
the microbial regrowth in water distribution systems, i.e., biologically stabilises the 
water (Hijnen et al. 2014).  
In addition, BAC can remove inorganics such as ammonia (Chung et al. 2005), 
synthetic organic chemicals such as benzene, toluene and certain pesticides (Brown 
et al. 2006; Van der Hoek et al. 1999), some algal toxins (Brown et al. 2006), many 
trace level organic contaminants i.e. pharmaceuticals and personal care products 
(Justo et al. 2015), certain heavy metals (iron and manganese) (Xing et al. 2017) and 
reduce taste and odour causing compounds (Dussert et al. 1994).  
Furthermore, BAC is an environmentally friendly method as it reduces the use of 
chemicals i.e. for disinfection, easy to set-up and comparatively cheap process.  
With all these benefits BAC has the potential to overcome the limitations in the 
convention water treatment process and can be effectively utilised in combination 
with coagulation process. 
1.1.4 Constraint associated with biofilms  
As BAC is a form of bio-treatment, concern has to be raised regarding the possibility 
of leakage of microbial products such as soluble microbial products (SMP) and 
extracellular polymeric substances (EPS), microorganisms and particulate matter 
(Shen et al. 2016). Higher amount of these microbial products, SMP and EPS are 
composed of high MW soluble organic compounds that are released as a result of 
various metabolic processes (Carlson et al. 2000; Laspidou et al. 2002).  
As these products are composed of high MW compounds, coagulation treatment is 
more advantageous over other treatment to remove these products. Therefore, 
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understanding the dynamics of BAC is important on adopting BAC at the correct 
place of the water treatment process. 
1.1.5 BAC in current water treatment plants 
Usually, BAC treatment process has been used after the pre-oxidation process such 
as ozonation, UV, H2O2 treatments to remove LMW biodegradable compounds 
produced by the oxidation processes (Buchanan et al. 2008; Takeuchi et al. 1997; 
Toor et al. 2007). 
Concurrently, BAC has been long used at the end of treatment train after the 
coagulation for additional DOC removal (Shon et al. 2005). 
Recently, few studies have investigated the synergistic effect of BAC followed by 
coagulation/ MIEX in secondary wastewater effluent treatment and observed more 
promising results in terms of DOC removal (Aryal et al. 2011a; Aryal et al. 2011b; 
Aryal et al. 2012). 
1.2. Research objectives 
The NOM (measured as DOC), component of the drinking water is directly or 
indirectly responsible for the low quality of the water. The main purpose of NOM 
removal is to achieve higher chlorine stability and reduction in the formation of 
DBP. Previous investigations have combined the coagulation with different 
technologies to obtain desirable water quality; however, the importance of the 
removal of BOM to achieve better chlorine and microbial stability has not been 
identified effectively. Therefore, integrating coagulation with BAC process may 
offer a promising alternative as the BAC allows effective removal of BOM which 
otherwise cannot be removed by coagulation.  
The application of BAC is widely practiced in removing LMW compounds produced 
after advanced oxidation processes and as a polishing treatment at the end of the 
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treatment process. In consideration of negative impacts engaged with the use of 
biofilm in the water treatment process, BAC treatment prior to coagulation would be 
more beneficial. However, the potential of improving DOC removal and chlorine 
stability by using BAC as a pre-treatment to the coagulation in drinking water 
treatment has not been well investigated.    
The water treatment plants have not exploited to the full advantage of BAC mainly 
due to the lack of understanding of BAC process and its synergistic effects. It is 
extremely beneficial for water treatment plant facilities to identify and design a 
technological set-up which overcomes the limitations in the current water treatment 
process and provide acceptable water quality at minimum cost. This research project 
was carried out to solve the problems mainly faced during the coagulation process by 
introducing BAC treatment prior to the coagulation. The main objectives of this 
research are summarised below. 
• Carry out a comprehensive literature review on BAC process including 
operational interventions and how to overcome such problems, regeneration 
methods, modification strategies, application of BAC in current water 
treatment process and coast analysis of BAC with other treatment methods. 
• Perform an in depth investigation to identify the potential of BAC to 
biologically remove more organic carbon than the measured biodegradable 
DOC (BDOC) present in the surface water. 
•  Evaluate the potential of BAC to improve the chlorine stability by the 
process of biodegradation in the surface water. 
• Characterise the organic matters remaining after the BAC treatment process 
to identify the potential of LMW organic matter removal. 
• Study the microbial composition in the BAC granules to identify any 
correlation among bacterial community structure with the BDOC removal 
and chlorine stability.  
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• Investigate the effectiveness of BAC followed by coagulation combination 
for enhancing the DOC removal and chlorine stability in drinking water 
compared to the individual performance of coagulation and BAC treatment. 
• Compare the synergistic effect of using BAC before and after the coagulation 
in terms of DOC removal and chlorine stability to provide better 
understanding of the water treatment plant configuration. 
• Investigate how the performance of BAC after backwashing aids the BAC/EC 
combination in terms of DOC removal and chlorine stability and decide the 
time at which the backwash has to be implemented.   
• Study the change in the microbial community structure in BAC granules at 
different time intervals after backwashing. 
The outcomes of the research can be effectively used to optimise the current water 
treatment process (design and operation) to achieve complying water quality and to 
overcome the main challenges faced by the coagulation process. This will benefit 
both the Australian and international water treatment industry by providing an 
opportunity to improve the current treatment plant design using a cost- effective 
treatment technology.      
1.3. Research methodology 
A laboratory scale BAC columns were employed in this study to investigate the 
performance of BAC and its effectiveness in combination with coagulation. The 
BAC column was operated in continuous up-flow mode at 20 minutes empty bed 
contact time (EBCT) at room temperature and the column was backwashed weekly 
to avoid physical clogging of the media. The surface water collected from three 
different water treatment plants in NSW, Australia was used as the source water in 
this investigation. 
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To study the treatability of organic in the BAC effluent by coagulation, jar test was 
undertaken following standard protocol representing coagulation, flocculation 
followed by sedimentation and filtration at room temperature and at pH 5.5, optimum 
pH known to remove most NOM, using ferric chloride as a coagulant. 
Mainly, DOC using total organic carbon (TOC) analyser, total chlorine decay at 25o 
C and pH 7.5 using HACH DR 1900 spectrophotometer and organic matter 
characteristics based on liquid chromatography organic carbon detection (LC-OCD) 
system was analysed to evaluate the effectiveness of BAC, coagulation and BAC in 
combination with coagulation. The parallel two reactant (2R) model parameters were 
estimated using AQUASIM software to describe the chlorine decay characteristics in 
the BAC treated water.  
The role of microbial composition or the structure in the BAC bed in enhancing the 
BAC performance was analysed using 454-pyrosequencing. 
1.4. Thesis structure 
A brief description of the remainder of this thesis chapters are as follows. 
• Chapter 2: A comprehensive literature review relevant to BAC process is 
provided in chapter 2. This extensively discusses the process of removing 
organic substances by BAC and factors affect on the growth of the biofilm, 
operation interventions and how to overcome, modification strategies and 
regeneration methods. The application of BAC in existing water treatment 
and various applications of BAC are reviewed and shortcomings in the 
current practice and future perspectives are discussed. 
• Chapter 3: This investigates the potential of BAC to biologically remove 
more organic carbon than the measured BDOC from surface water. This test 
was carried out in a batch mode using saturated BAC granules (reached 
relative steady state of DOC removal) acclimatised to the source water and 
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allowing to biodegrade organic matters in the water over a long period 
(incubation time similar to BDOC test) and comparing DOC removal results 
with the BDOC concentration in the same source water determined by using 
suspended bacteria method. The potential of coagulability of such water; 
prolonged biodegraded water in terms of DOC removal was also analysed 
and discussed in this chapter. An in-depth analysis was carried out further to 
understand the impact of adsorbed organic matters on the BAC or the role of 
adsorption/desorption process on determining the BAC potential to remove 
organic matters.   
• Chapter 4: This chapter aims to study the potential of BAC to improve 
chlorine stability in the surface water. The test was performed as a batch test 
using BAC granules operated in the phase of steady state in DOC removal 
and fully acclimatised to the source water allowing to remove DOC by the 
prolonged biodegradation process. The chlorine decay results obtained at 
different stages of DOC removal were used to estimate the 2R model 
parameters using AQUASIM software and results are discussed in detail. 
Change in the organic matter characteristics of the BAC treated water and 
bacterial community composition in the BAC was analysed over the period of 
prolonged biodegradation to identify evidence for the chlorine decay results. 
Further, the feasibility of improving chlorine stability by combining BAC 
with coagulation was subjected to analysis using the prolonged BAC treated 
water.  
• Chapter 5: After identifying the potential of BAC, the ability to remove 
DOC and reduce chlorine demand by the biodegradation process this chapter 
investigates the effectiveness of BAC followed by coagulation combination 
to achieve complying water quality. The BAC/coagulation combination was 
studied employing a BAC column operated at 20 minutes EBCT. The DOC 
removal and chlorine decay results are compared in detail with individual 
performance of BAC and coagulation. Further, the organic matter 
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characteristics in the treated water by BAC, coagulation and 
BAC/coagulation was analysed in detail and compared to understand the role 
of microbial activity in BAC bed in removing different fraction of NOM by 
adsorption and changing the nature of organic matters. 
• Chapter 6: This chapter compares the efficiency of placing BAC prior to the 
coagulation with the existing method of placing BAC after the coagulation. 
Initially, the BAC/coagulation was studied at 20 minutes EBCT. Then the 
efficiency of coagulation/BAC was investigated with respect to BAC ability 
to adsorb organic matters otherwise cannot be removed by coagulation, by 
filtering non-coagulable fraction of DOC through the BAC column at 20 
minutes EBCT. The BAC effluent obtained after feeding the non-coagulable 
DOC was subjected to coagulation again to evaluate the BAC ability to 
change the nature of the organic matters into a coagulable form. The most 
effective combination was analysed by comparing the DOC removal and 
chlorine decay results obtained from all three test methods; BAC/coagulation, 
coagulation/BAC and coagulation/BAC/coagulation. The LC-OCD analyses 
of the treated water by each method were performed to identify the microbial 
activity during each process and its synergistic effect. 
• Chapter 7: The objective of this study is to operate BAC at its optimum 
conditions to improve the coagulability performances further after the BAC 
treatment. As the backwashing is a key process necessary to prevent 
clogging, backwash frequency was the influenced parameter for this study. 
The BAC effluent collected at different times from the last backwash was 
subjected to coagulation. Removal of DOC, chlorine demand, organic matter 
characteristics were measured after subsequent coagulation and how the 
performance of BAC at different times after backwashing aids the BAC/EC 
combination was evaluated and presented in this chapter. In order to fully 
understand the BAC performance up to 14 days after backwashing, microbial 
community in the BAC biofilm was analysed at different times from the last 
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backwash. Analysing the time required after backwashing to achieve the best 
DOC removal and chlorine stability by BA/EC, possible time at which the 
backwash can be adopted is evaluated discussed in this chapter.   
• Chapter 8: The conclusion derived from the present study and 
recommendations and benefits of this study to the water treatment industry 
are presented in this chapter. 
• Chapter 9: Possible directions for the future research are presented in this 
chapter. 
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Chapter 2 
 
Literature Review 
 
2.1. Introduction 
All surface and ground water sources contain NOM.  The NOM is a complex mixture 
of organic compounds that can cause problems in drinking water quality and in 
treatment processes (Owen et al. 1995). The composition, properties and amount of 
the NOM vary with the location and seasonal changes as the NOM is derived from 
the surrounding environment (Fabris et al. 2008; Ritson et al. 2014; Teixeira et al. 
2011).  
2.1.1 Composition of NOM 
The NOM is mainly composed of humic substances (HS) such as humic acids (HA), 
fulvic acids (FA) and humins (Sillanpää et al. 2015b). These HS are considered to be 
the largest fraction which makes 50% of the TOC in water (Sillanpää 2015). 
However, recent studies revealed that the HS represent only a small fraction of total 
organic matter in soil and what is extracted as HA may be of fire derived (Lehmann 
et al. 2015; Schmidt et al. 2011). Fire-derived carbon was suspected to be more 
stable in soil than other organic matter because of its fused aromatic ring structures 
and the old radiocarbon ages of fire residues isolated from soil (Schmidt et al. 2000). 
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This fire-derived carbon does undergo oxidation and transport, and constitutes a 
major portion of DOC in the natural water sources (Kim et al. 2004b; Ziolkowski et 
al. 2010).  
NOM
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Bacterial 
peptidoglycan
Acids
Humic acid
Fulvic acid
Neutrals Bases Acids Neutrals Bases
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Figure 2.1: Composition of NOM fractions separated using fractionation techniques 
(Leenheer et al. 2003). 
The components of the NOM could also be divided into hydrophobic and hydrophilic 
fractions (Sillanpää et al. 2015b). Figure 2.1 shows a NOM classification based on 
polarity (hydrophobic/hydrophilic), acid/neutral/base properties and compound class 
characteristics (Leenheer et al. 2003). The hydrophobic organic matter is largely 
composed of high MW organics while hydrophilic organic matter is composed of 
LMW ones and has low charge density (Matilainen et al. 2010b). The HS are 
comprised of hydrophobic fraction of NOM. The non-HS such as carboxylic acids, 
carbohydrates, sugars and amino acids (proteins) are components of hydrophilic 
fraction of NOM (Owen et al. 1995; Sillanpää et al. 2015b). 
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2.1.2 Impact of NOM 
When chlorine is applied as a disinfectant, chlorine reacts with NOM and diminishes 
the chlorine concentration and forms DBP (Gang et al. 2003; Świetlik et al. 2004). 
The loss in chlorine has to be compensated by adding additional chlorine increasing 
the chance to form more DBP.  Not only with the chlorine, DBP are also formed with 
other disinfectants such as ozone, chlorine dioxide, chloramines and bromine (Park et 
al. 2016; Richardson 2011; Yang et al. 2013). More than 600 DBP have been 
reported in the literature from the use of major disinfectant and/or their combinations 
(Krasner et al. 2006; Richardson 2011). Among the identified DBP, trihalomethanes 
(THMs) and haloacetic acids (HAAs) are the two major groups found in higher 
concentrations in drinking water (Krasner et al. 2006; Yang et al. 2016). In 
chlorinated waters, the THM constitute only about 50% of the total organic halogen 
(TOX) and HAA 22- 28% (Heller-Grossman et al. 1993). Mainly, these compounds 
are carcinogenic and genotoxic and associated with, spontaneous abortions and birth 
defects (King et al. 1996; Liu et al. 2014; Pals et al. 2013; Singer 2006). Therefore, 
these DPB have been regulated. 
Both hydrophobic and hydrophilic fractions contributed to DBP formation (Bond et 
al. 2009; Hua et al. 2007; Lin et al. 2000; Yang et al. 2016). Generally hydrophobic 
fraction exhibited about two times THM formation potential (THMFP)/DOC of 
hydrophilic fraction (Chang et al. 2001; Kim et al. 2004a; Lin et al. 2000). During 
chlorination, bromide was oxidized to HOBr/ OBr- and chloramination process 
oxidizes iodide to HOI (Liu et al. 2017c; Zhai et al. 2014; Zhu et al. 2016). The 
hydrophilic NOM fractions are more reactive with those HOBr/ OBr- and HOI (Hua 
et al. 2007) and form brominated and iodinated DBPs (Richardson et al. 2016; Zhai 
et al. 2014). These bromine and iodine containing DBP are considered to be 
cytotoxic, genotoxic and mutagenic than their chlorinated counterparts (Hsu et al. 
2010; Liu et al. 2014; Yang et al. 2013). Echigo et al. (2004) observed that the 
activity inducing chromosomal aberrations of the mixture of brominated DBPs per 
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unit TOX was 2-6 times higher than that of chlorinated DBPs. Mainly, on the other 
hand, there is not a feasible method to remove bromide and removal is also limited 
by the presence of other anions such as bicarbonate and chloride (Hsu et al. 2010).  
Hence, irrespective of the molecular weight the organic matter has to be removed by 
the treatment process. 
The presence of NOM also contributes to the coloration of water, causes unpleasant 
taste and odour problems (Hem et al. 2001). Further, the NOM significantly 
increases the coagulant dose requirement when a certain DOC level is to be achieved 
to stabilise the chlorine decay (Eikebrokk et al. 2004; Fisher et al. 2004; Sharp et al. 
2006b). The NOM, especially the hydrophilic fraction, also acts as a substrate and a 
source of nutrient and promotes microbial growth in distribution systems and this 
part of the NOM is often measured as BDOC or assimilable organic carbon (AOC) 
(Owen et al. 1995; Sillanpää 2015). 
The NOM removal has become a challenge in the recent past. During the past 10 to 
20 years the increase of NOM concentration in the water sources has been observed 
in several parts of the world. The seasonal changes including more intensive rain 
events, declining acid deposition, rising temperatures and global warming may have 
been contributed to the  increase in the total amount of NOM. (Eikebrokk et al. 2004; 
Evans et al. 2005; Fabris et al. 2008; Korth et al. 2004; Ritson et al. 2014). The 
increase in NOM concentration is associated with a higher amount of HS (Korth et 
al. 2004; Sharp et al. 2006b). In addition, the amount of hydrophilic NOM has been 
reported to increase in the world water resources (Fabris et al. 2008). This problem is 
confounded by increased population in many cities as more water now has to be 
treated by an already strained water treatment processes.  
2.1.3 NOM removal methods 
The most common water treatment method is the coagulation and flocculation 
followed by sedimentation, sand filtration and disinfection. However, this process 
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only removes particles and around 20-30% of NOM (Kastl et al. 2004). To remove 
higher amount of organic matter, larger doses of coagulant, such as ferric or 
aluminium salts, need to be added (Fisher et al. 2004). Irrespective of the amount of 
dose, coagulants are more effective in removing higher MW compounds, leaving 
hydrophilic compounds in the treated water (Kim et al. 2005; Korshin et al. 2009; 
Matilainen et al. 2005; Sharp et al. 2006a; Sharp et al. 2006b). BOM, measured as 
AOC or BDOC, (Huck et al. 1998; Volk et al. 2002) is not affected by coagulation 
(Volk et al. 2000). The presence of BOM has also shown to increase DBP formation 
and chlorine demand (Volk et al. 2000). Therefore, the removal of hydrophilic 
portion of NOM has become crucial in water treatment processes. 
Kastl et al. (2015) reviewed various treatment methods in terms of chlorine stability 
and THM formation and concluded that there is no absolute process if enhanced 
coagulation is not sufficient. Generally the ozone with BAC process moderately 
polished the water to reduce the chlorine demand and THM formation when bromide 
concentration is low (<~50 µgL-1). 
The use of adsorbents is another most commonly used methods to remove organic 
substances in water. AC is a highly porous (Satya et al. 2005), effective adsorbent 
widely used in drinking water treatment to remove unpleasant taste and odour and to 
remove organic compounds including organic micro-pollutants such as algal toxins 
(Moreno-Castilla 2004; Newcombe et al. 1997a; Quinlivan et al. 2005). Adsorption 
process of the AC mainly depends on the surface area, pore structure and surface 
chemistry (Moreno-Castilla 2004). AC is available as GAC and powdered AC 
(PAC). However, their ability to purify the water is compromised by several 
limitations. 
The major limitation relates to the decrease in the adsorption capacity of GAC over 
time (Ghosh et al. 1999; Simpson 2008). The reduction in adsorption capacity is 
mainly due to the competition for the adsorption sites between DOC and pollutants 
and due to the ability of the pollutant to form complexes with GAC and alter its 
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physical, chemical and transport properties (Ghosh et al. 1999; Kim et al. 1997; 
Quinlivan et al. 2005). Servais et al. (1994) reported that the removal of non-
biodegradable organic compounds by GAC decreases from 50% to 10% after 100 
days of operation due to saturation of available adsorption sites. When the GAC is 
fully saturated with organic matter (‘exhausted’) (Scholz et al. 1997) the organic 
molecules present in the raw water can pass through the GAC filter and thus cause 
problems in the treatment process. Therefore, exhausted GAC media must be 
replaced or thermally regenerated to recover the adsorptive capacity of the carbon 
(Dong et al. 2014). Moreno-Castilla (2004) shows that with the increase of 
regeneration cycles the adsorption capacity is reduced because it is hard to 
completely remove the strongly adsorbed materials from the carbon surface. Further, 
the AC process strongly relies on post-chlorination to achieve sufficient water 
disinfection (Ghosh et al. 1999; Simpson 2008), as AC is not capable of achieving 
disinfection. 
Ion exchange processes using resins require frequent regeneration and increasing 
removal was seen with increasing hydrophobicity (Mergen et al. 2008). In addition, 
the lost amount of resins during regeneration and treatment requires fresh resin input 
and the waste usually consists of high salt concentrations and needs 
treatment/disposal. 
Being a simple and environmentally friendly process, BAC could increase the NOM 
removal efficiency, achieve better stability of chlorine, lower the amount of THM 
and HAA, remove trace level organic pollutants and biologically stabilise the water. 
BAC therefore could be the solution for currently faced issues of population growth, 
change in nature of organic matter to more hydrophilic nature, increased trace level 
organic pollutants and increased NOM concentration.  
The aim of this study is to critically review the current knowledge of BAC, the 
parameters that enhance the performance of BAC, impact of BAC on NOM removal 
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by combined treatment processes and surface modification methods. Additional 
benefits that could be derived from this process are also discussed. 
2.2. Biologically Activated Carbon 
Among the modifications and methods proposed to improve the performance of 
water treatment process, the BAC treatment is one of the most promising, 
environmentally friendly and economically feasible processes. The BAC can 
overcome several limitations of AC treatment and other conventional water treatment 
processes. The BAC uses the highly porous AC (Figure 2.2) as a media to 
immobilize microorganisms and remove organic matters present in water.  
 
Figure 2.2: X-ray Scanning electron microscope secondary electron (SE) image of 
GAC at × 300 magnification. 
With time, the AC becomes exhausted or adsorption sites become saturated with 
organic compounds. Then, microbes colonize on the rough porous surface of the AC 
media (Scholz et al. 1997; Servais et al. 1994; Takeuchi et al. 1997) utilizing organic 
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matters present on the surface as a source of nutrient. Eventually microbes fill the 
pores and surfaces of the AC with biomass or ‘biofilm’ (Quintelas et al. 2010; Rattier 
et al. 2012; Scholz et al. 1997). The physically exhausted AC which establishes a 
natural biofilm is defined as BAC (Figure 2.3). This active biofilm is capable of 
removing BOM and other organic pollutants in the water by biodegradation and 
these activities lengthen the operational life of the carbon bed (Hijnen et al. 2014; 
Seredyńska-Sobecka et al. 2006; Takeuchi et al. 1997; Walker et al. 1998). 
 
Figure 2.3: Confocal laser scanning microscope (CLSM) micrographs of biofilm 
occurrence in BAC retrieved from P1 (top of the column) and P4 (90 cm from top of 
the column) at days 59, 223 and 338. Cells stained with Hoescht 342 visible in blue 
(Gibert et al. 2013). 
The BAC process can effectively remove the biodegradable compounds which may 
comprise undesirable fractions of the organic substance, precursors for DBP (Asami 
et al. 2009; Liu et al. 2017a; Wang et al. 2017b; Zhang et al. 2017b), some algae 
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toxins (Brown et al. 2006), ammonia (Chung et al. 2005; Qin et al. 2017), many trace 
level organic contaminants (Justo et al. 2015; Kwon et al. 2017; Zhang et al. 2017a) 
and synthetic organic compounds (Voice et al. 1992). The BAC has been shown to 
remove even the hardly biodegradable NOM (Zhang et al. 2010b). The biological 
activity mostly targets on removing LMW NOM, but could also potentially lower the 
chlorine/coagulant demand during the water treatment process (Scholz et al. 1997; 
Seredyńska-Sobecka et al. 2006). 
2.2.1 Removal of organic substances by BAC 
The removal of DOC from water by the BAC filters evolves over time and various 
mechanisms contribute to the success of the process.  
2.2.1.1 The stages of DOC removal 
The removal of DOC from water by the BAC filters (Figure 2.4) can be summarised 
into a four-stage process as opposed to the three-stage process proposed by Dussert 
et al. (1994) and Lohwacharin et al. (2011). This graph shows the DOC removal 
from the ozonated water. The periods A, B and C represent the physical adsorption, 
concurrent adsorption/biological degradation and biological degradation processes 
respectively (Dussert et al. 1994; Simpson 2008). The additional period D represents 
the loss of biodegradation efficiency. 
During the ‘period A’ DOC was primarily removed through the physical adsorption 
of molecules to the AC media (Dussert et al. 1994).  In this phase, 40-90% of DOC 
removal was observed (Dussert et al. 1994; Lohwacharin et al. 2011; Servais et al. 
1994) and 10-20% fraction of DOC was non-sorbable on AC surface (Dussert et al. 
1994; Yapsakli et al. 2010). Further, the removal efficiencies of DBP and total 
organic halogen precursors by the physical adsorption have been reported by Dussert 
et al. (1994) as about 70-90%. With time, however, the adsorption sites are gradually 
saturated and physical adsorption decreases.  
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Figure 2.4: Conceptualized representation of ozonated DOC removal by adsorption 
and biological degradation over time, modified the figure of (Dussert et al. 1994) to 
represent the longer term behaviour. 
Once the adsorption sites of AC adsorbs DOC and nutrients, some bacteria are 
attracted to the adsorption site where concentrations of nutrients are higher and 
begins to adapt to the environment - the acclimation phase (period B). This phase 
lasts about 2-3 month and is required to biologically colonize the AC media (Servais 
et al. 1994). In this period, DOC adsorption and biological degradation processes 
operate in parallel. The rate of biological degradation of DOC increases (Rattier et al. 
2012), but the physical adsorption continues to drop.  
The rate of DOC removal from the source water reaches a relatively steady state thus 
the ‘period C’ is referred to as the steady state period. As the physical adsorption 
capacity of AC is exhausted the biological degradation is the predominant process 
for DOC removal (Dussert et al. 1994). In ozonated water, the DOC removal 
efficiencies of 15-45% have been reported in period C because the BDOC 
concentration increases upon ozonation (Lohwacharin et al. 2011; Simpson 2008; 
Yapsakli et al. 2010). As well, THM and HAA precursors were removed between 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Fr
ac
tio
n 
of
 D
O
C 
in
 E
ffl
ue
nt
  
Operation Time (Month) 
Physical adsorption
Biological degradation
A 
D 
B 
C 
22 
 
Chapter 2                                                                                                       Literature Review 
 
20-70% (Dussert et al. 1994). Zhang et al. (2010b) observed that after five month of 
continuous operation of BAC filter (operated as a polishing step after ozonation), the 
removable MW fractions of BDOC were in the range of 3 kDa-1 kDa and < 0.5 kDa, 
indicating the preference for LMW compounds (Figure 2.5). 
 
Figure 2.5: Removal of different molecular size fraction of DOC by BAC filter 
(Zhang et al. 2010b). 
In the final stage beyond 13 month (period D) similar processes to period C occurs, 
but the total DOC removal gradually decreases. For example, at the end of the six 
year service time, the average DOC removal gradually dropped to about 24% from a 
steady 65% at the end of period C in ozonated water and DOC removal rate declined 
to 0.09 mol-DOC/m3 BAC-h (Lohwacharin et al. 2011). After a long-term operation 
of BAC filters the pore volume reduced markedly due to accumulation of organic 
(Lohwacharin et al. 2011) and inorganic substances in addition to dead cells and 
microbial products that accumulate on the surface (Laspidou et al. 2002). This 
substantially reduces the capacity of the BAC and requires replacement or 
regeneration. 
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Maintaining an active biofilm of right thickness is critically important for a long 
service time of the BAC. Mainly, the BAC clogging phenomena have to be avoided 
by following frequent backwashing. Subsequently, the correct balance of dissolved 
oxygen (DO), pH and nutrients level are necessary to maintain an optimal bacteria- 
protozoa level (Scholz et al. 1997) in the biomass and thereby, extend the lifetime of 
BAC.  
2.2.1.2 Mechanisms of Bio-degradation of NOM 
The biodegradation follows adsorption but is a multi-step process and in this process 
even compounds that are not easily biodegradable could also be biodegraded (Figure 
2.6). It has a combination of adsorption, desorption and diffusion of organic matter 
into pores (Klimenko et al. 2002). Initially, the molecules adsorbed on the outer 
surface of AC or micropores and molecules present in the biofilm matrix undergo 
partial biodegradation (Scholz et al. 1997). The substances that are not fully 
biodegraded by the biofilm microbes diffuse into the AC micropores and adsorbed to 
the inner surface (Simpson 2008). Then these sorbed materials are modified into 
biodegradable kind by the exocellular microorganisms associated with the 
micropores (Klimenko et al. 2002). Hence, the biologically not easily available 
organic carbon is converted into biologically easily available organic carbon. The 
certain part of the modified molecules then desorb from microporous structure due to 
the concentration gradient between the AC surface and bulk liquid (Aktaş et al. 
2007). These desorbed modified molecules diffuse back toward the biofilm and 
adsorbed on the AC surface in an amount that is equal to the previously adsorbed 
adsorbate that is partially degraded on the outer surface of AC (Aktaş et al. 2007; 
Klimenko et al. 2002). Now they undergo further or complete microbial degradation 
(Klimenko et al. 2002).  
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Figure 2.6: AC surface adsorption and pore entrapment of organic matters (Simpson 
2008). 
At the same time, the metabolite of one species left as a result of cell death and 
organic exudates of bacteria also provide nutrient for another (Laspidou et al. 2002). 
Therefore, cell lysis stimulates the growth of biofilm (Blenkinsopp et al. 1991).  
2.2.1.3 Bacteria/ biofilm adhesion to surface 
Adhesion of bacteria to a solid surface is governed by different types of interactions 
which can be either attractive or repulsive. Physical forces associated with bacterial 
adhesion include the van der Waals forces, steric interactions and electrostatic 
(double layer) interaction (Hermansson 1999). These forces are collectively known 
as the DLVO (Derjaguin, Verwey, Landau and Overbeek) forces. The DLVO theory 
describes the net interaction (VTOT) between a cell and a substratum as a balance 
between two additive factors, van der Waals interactions (generally attractive) (VA) 
and repulsive interactions (VR) from the overlap between the electrical double layer 
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of the cell and the substratum (generally repulsive, due to the negative charge of cells 
and substrata) (Garrett et al. 2008; Hermansson 1999). 
VTOT = VA + VR (2.1) 
The double layer interactions (VR) are affected by the presence of surrounding ions. 
These originate from the Coulomb interaction between charged molecules and its 
strength (Hermansson 1999). To fully explain the bacterial adhesion, an extended 
DLVO theory was taken into consideration the hydrophobic/hydrophilic interactions 
and osmotic interactions (Hermansson 1999). For cells, osmotic interactions were 
negligibly small, therefore, the total adhesion energy (𝛥𝛥Gadh) is expressed as: 
 𝛥𝛥Gadh = 𝛥𝛥GvdW + 𝛥𝛥Gdl + 𝛥𝛥GAB (2.2) 
Where, 𝛥𝛥GvdW is energy for van der Waals interactions, 𝛥𝛥Gdl is energy for double 
layer interactions and 𝛥𝛥GAB is energy for hydrophobic/hydrophilic interactions. 
The three interaction terms corresponding to the total adhesion energy (𝛥𝛥Gadh) is 
calculated using mathematical equations as detailed in Harimawan et al. (2013) and 
Liu et al. (2005). Further, following measurements are taken to calculate different 
components in the equations; contact angle measurements used to obtain various 
components of surface energies (i.e. the van der Waals, electron acceptor, and 
electron donor component of the surface energy for solid and liquid), zeta potential 
measurements used to replace the surface potential of the cell and hydrodynamic 
radius of the cell.  
Hydrogen bonding is important in the formation of biofilms. The biofilm formation 
requires that the cells aggregate and not to release into the bulk phase. EPS released 
during metabolism, aggregate the bacterial cells in biofilm due to the formation of 
hydrogen bonds (Garrett et al. 2008). Thus, at increased bacterial polysaccharide 
concentration surface hydroxyl groups were involved in hydrogen bond formation 
(Jucker et al. 1997).  
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2.2.1.4 Physicochemical properties of BAC 
The filter media supplies the surface area for the microbial cell attachment. 
Concurrently, the efficiency of biodegradation increases with the ability of the filter 
media to adsorb and retain the organic matter (Kalkan et al. 2011). Different filter 
media have different accessible areas and adsorption capacities. For example, the 
surface of the sand is smooth and non-porous, while the AC has a rougher highly 
porous surface. It has been shown that the AC has a high adsorption capacity and 
bioactivity compared to the non-adsorptive media like sand and anthracite 
(LeChevallier et al. 1992; Liu et al. 2001; Urfer et al. 1997b; Voice et al. 1992; 
Wang et al. 1995b). Therefore, the BAC filters should perform better than the non-
adsorptive sand and anthracite media in terms of biodegradation of organic matter. 
On the other hand, there is an effect of the AC type on the biodegradation process. 
The biodegradation of NOM in thermally activated AC was higher than chemically 
activated AC (Kalkan et al. 2011; Yapsakli et al. 2010). Thermally AC has high 
reactivity towards oxygen and chemisorbs it on its surface and may change its 
surface chemistry (Yapsakli et al. 2010). Because, the thermal activation is 
performed in the absence of oxygen, their surface becomes more reactive (Kalkan et 
al. 2011). It is believed that the oxygen consumption at AC surface can cause 
catalytic reaction which can convert the non-biodegradable substances into 
biodegradable ones (Uhl 2000). However, the chemically AC is not affected by the 
interactions with oxygen because they are full of oxidized active sites (Kalkan et al. 
2011). On the other hand, chemically AC showed better desorbability than thermally 
AC (Yapsaklı et al. 2009). Therefore, these types of AC provides high desorption of 
biodegradable organics and result in enhanced adsorption capacity of AC for non-
biodegradable compounds. Moreover, AC types with higher point of zero charge: 
pHPZC (pH at which the AC surface carries a net charge of zero) exhibited enhanced 
NOM adsorption because of the electrostatic attractions between AC and negatively 
charged NOM (Yapsaklı et al. 2009). Therefore, the choice of filter media is crucial 
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in BAC systems for better performance in biodegradation and this may also help to 
extend the service life of BAC. 
The surface of the AC is an excellent media for the colonization by microorganisms. 
Mainly, its rough porous surface provides shelter from fluid shear forces for cell 
attachment. While providing a protected environment, the highly adsorptive 
properties of AC enrich substrate, nutrient and oxygen concentration on its surface 
for microbial growth (Voice et al. 1992; Weber et al. 1978). Further, it is believed 
that a variety of functional groups on the surface can enhance the attachment of 
microorganisms (Weber et al. 1978).  
In addition, the porosity of the AC was decreased by the adsorption of bacteria and 
increased the range of pH in which the surface charge of carbon was negative. 
Mainly, biofilm formed on the AC change the surface charge density by increasing 
its negative value (Radovic et al. 2001; Rivera-Utrilla et al. 2001). This enhances the 
capacity of BAC to adsorb positively charged species by increasing the adsorbent-
adsorbate electrostatic interactions (Rivera-Utrilla et al. 2001). The cell attachment to 
AC is a physiochemical process which is affected by the surface properties of the cell 
and media. Table 2.1 summarizes some physiochemical properties of the AC that 
influenced on bacterial attachment. 
Table 2.1: Relationship between physiochemical properties of AC and cell 
attachment. 
Property Effect Advantage/disadvantage 
Surface area and 
porosity 
Higher surface area and pore 
volume result in higher retention 
capacity (Quintelas et al. 2010). 
Positively correlate with 
biofilm retention capacity 
Pore size 
Micropores (R≤ 2 nm):  
Little bio-growth occurs in 
micropores, the small diameter 
Not-effective for bacterial 
attachment and growth. 
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does not allow the penetration 
of bacteria (>200 nm) (Rivera-
Utrilla et al. 2001; Urfer et al. 
1997b; Wang et al. 1995b)  
Macropores (R> 50 nm): 
Desorption is easier from 
macropores when compared 
with micro and mesopores 
(Karanfil et al. 2004). 
High desorption of 
biodegradable organics 
Mesopores (R= 2~50 nm)  
Observed highest biomass 
(Wang et al. 1995b) 
Surface 
hydrophobicity 
(Rijnaarts et al. 
1996; van 
Loosdrecht et al. 
1990) 
When both bacterial and support 
surfaces are hydrophobic, 
microbial adhesion is highly 
facilitated. 
If both bacterial and support 
surfaces are hydrophilic, 
microbial adhesion would 
proceed with difficultly. 
Increased cell surface 
hydrophobicity would favour 
cell adhesion on both 
hydrophilic and hydrophobic 
support surface (Liu et al. 
2004). 
Hydrophobicity correlate 
positively with bacterial 
adsorption 
Surface oxygen 
functional groups 
This can cause surface catalytic 
reactions which convert 
substances which are originally 
non-biodegradable into 
Increase the 
biodegradation 
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biodegradable ones (Uhl 2000) 
Metallic oxides 
present in the 
mineral matter of 
AC (Jucker et al. 
1997; Rivera-
Utrilla et al. 2001) 
Formation of hydrogen bonds 
between water chemisorbed on 
the oxide surface and the 
bacterial surface 
polysaccharides. 
Good adsorbents for 
bacteria from aqueous   
solutions 
Presence of 
electrolytes i.e. 
FeCl3, CaCl2 
(Rivera-Utrilla et 
al. 2001) 
This reduces the repulsive 
electrostatic free energy. 
Depending on the extent of this 
reduction, the van der Waal's 
attractive interaction may 
exceed the repulsive 
electrostatic interaction. This 
favours bacterial adsorption. 
More bacteria were adsorbed in 
the presence of FeCl3 than with 
CaCl2 or MgCl2, because of the 
greater ionic strength. 
Enhanced bacterial 
adsorption 
Presence of 
aqueous metal 
solutions (Rivera-
Utrilla et al. 2001) 
Increases the cell surface 
hydrophobicity 
The bacterial adsorption was 
greater in the presence of Ca2+ 
than in the presence of Mg2+ 
Influence positive cell 
substrate adsorption 
2.2.1.5 Organic matter composition of BAC Effluent 
The organic, soluble cellular compounds that are derived from substrate metabolism 
during biomass growth and released during cell lysis are defined as SMP 
(Jarusutthirak et al. 2007; Laspidou et al. 2002). The SMPs are further subdivided 
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into two categories as substrate utilization associated products (UAP), which are 
produced directly during substrate metabolism, and biomass associated products 
(BAP), which are formed from biomass as part of decay (Laspidou et al. 2002). 
Polymeric substances released during metabolism are referred to as EPS (Laspidou et 
al. 2002). 
Organic matter in the effluent can contain NOM that is not removed when in contact 
with BAC, SMP from dead cells and EPS released by microbes within the reactor. 
Woolschlager et al. (1995b) modelled the formation of UAPs and BAPs in a batch 
bioreactor and showed that the presence of SMP can cause the BOM concentration to 
be underestimated by 30±40% when DOC removal is used to estimate BOM. 
Following similar modelling principles, Carlson et al. (2000) showed that the SMP 
and EPS can increase the effluent DOC masking the removal by BAC and 
underestimate BOM removal by 17-33% in an ozonated water when biofilter with 
anthracite medium was used (Figure 2.7). It could be noted the amount of BOM in 
the ozonated water of these authors is only 20% and the removal is 10-15% as 
opposed to that of 65% at the end of ‘period C’ with the BAC. In many raw water 
sources, where BOM could be small and SMP can mask the performance of BAC.  
Therefore, care should be taken when interpreting the DOC results of BAC effluent. 
If SMPs would contribute to THM formation and microbial regrowth they should be 
removed before being fed into the distribution system. As the SMP is a high MW 
product, BAC can be combined with the coagulation process to remove these 
bacterial products from the effluent water (Barker et al. 1999). 
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Figure 2.7: Composition of the effluent when ozonated water treated through a 
biofilter with anthracite medium (Carlson et al. 2000). 
2.2.2 Biofilm growth and stabilisation 
The mechanism of biofilm attachment to the AC surface has not been well 
understood. According to one hypothesis, bacterial cells undergo physiological 
modifications associated with the promotion of certain genes (Lazarova et al. 1995). 
A second BAC hypothesis states that the surrounding environment of bacterial cell is 
changed by the biofilm to increase either the local concentration of nutrients, oxygen 
and enzymes or to limit the invasion of toxic or inhibiting substances (Blenkinsopp et 
al. 1991; Ghosh et al. 1999; Simpson 2008). These processes are discussed in greater 
detail below. 
2.2.2.1 Biofilm growth  
During the early stages of colonization, some bacteria attach to the media and more 
bacteria travelled with the effluent water instead of building up a fixed biomass on 
the AC media (Servais et al. (1994). Once attached, bacteria produce EPS that help 
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the aggregation of bacterial cells to flocs and biofilm and stabilize the biofilm 
structure and EPS aid the stable proximity of bacteria to nutrients (Garrett et al. 
2008; Laspidou et al. 2002). The EPS has several functions: 1. Act as an effective 
barrier for the biocides and toxic substances and prevent the penetration or diffusion 
(Blenkinsopp et al. 1991; Li et al. 2016); 2. Some enzymes excreted by the bacteria 
can easily diffuse into the micropores of the AC and react with the adsorbed 
materials. This helps in biodegradation even when the size of the bacteria is too large 
for them to migrate into carbon micro-pores (Wingender et al. 2012; Zhang et al. 
1991). In addition, the EPS is also one of the factors responsible for the increase in 
the head loss in BAC filter (Laspidou et al. 2002). 
The activity of the BAC biofilm increases with the thickness of the biofilm up to a 
level termed as “active thickness” (Lazarova et al. 1995). The thickness of the 
biofilm controls the nutrient diffusion from bulk liquid to biofilm and frictional 
resistance (Jin et al. 2013; Simpson 2008). Beyond this active thickness, it is hard to 
diffuse the nutrients and oxygen into the biofilm and hence the active biofilm 
becomes an “inactive” biofilm (Lazarova et al. 1995). Conversely, an extremely thin 
biofilm is not adequate to remove NOM and other micro-pollutants from water. 
Unified multi-component cellular automaton (UMCCA) model developed by the 
Laspidou et al. (2004b) states that the fluid flow over biofilm creates horizontal and 
vertical pressures and vibration that cause the biofilm to consolidate, or pack itself to 
higher density. This model was implemented by having consolidation ratio and this 
ratio increase with the age of the biofilm. Thus the old biofilm has a high biofilm 
density (Laspidou et al. 2004a).  
Moreover, the biofilm thickness was found to depend on substrate concentration and 
shear force at the biofilm surface. High substrate concentrations (10- 30 mgL-1) and 
low shear forces (wall shear stress 0.007 Nm-2 at radius 5 cm) yielded thick biofilms 
of several 100 µm within 7 days whereas the thinnest biofilm grew at wall shear 
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stress 0.0037 Nm-2 (at 5 cm radius) and at low substrate concentration (5 mgL-1) 
(Möhle et al. 2007). 
It has been shown that protein and carbohydrate content of biofilm changes with the 
age of biofilm. Nielsen et al. (1997) argues that protein content of the biofilm 
increases with time as there is no lysing enzymes related to it. Whereas Davies 
(1999) and Sutherland (1999) shows that polysaccharide concentration while 
increasing at the beginning will decrease with age as lysing enzymes are produced in 
parallel. Möhle et al. (2007) found that the large EPS glycoconjugate fraction 
stabilized the base biofilm compared to a less stable surface biofilm and that biofilm 
becomes hard to remove with age. The biofilm present in a system operated at a 
higher shear stress yielded a stronger biofilm with the higher amount of protein in the 
EPS pool (Pellicer-Nàcher et al. 2014).  
Implying that biofilm increases in strength with age and with higher shear stress 
conditions and backwashing needs to be done regularly if protein build up on the 
surface is to be avoided to facilitate a better oxygen transfer. The BAC should be 
operated at a low shear stress condition but should be backwashed at the right 
frequency before biofilm become stronger.  
In the uncontrolled BAC treatment, accumulation of solids by the degradation of 
organic matter may lead to an extensive growth of biomass on AC surface (Kim et al. 
2010; Le Bihan et al. 2000; Scholz et al. 1997). This ultimately clogs the AC filter. 
Mainly, the clogging arises due to the development of thicker biofilm comprising 
filamentous bacteria and fungi and this can be observed from the pressure build up 
(where appreciable filtrate flow cannot be attained) and bed lifting (Dussert et al. 
1994; Le Bihan et al. 2000; Scholz et al. 1997).  As a result of clogging, a high 
amount of bacteria leach into the carbon bed effluent which is termed as 
‘breakthrough’ of substrate/contaminant (Scholz et al. 1997; Simpson 2008). 
Consequently, the high turbidity and suspended solids level can be observed in the 
effluent. Further, these leaching contaminants drop the pH and DO levels. The low 
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pH supports the growth of filamentous organisms and reduces the nitrate uptake. A 
relatively high amount of phosphorus present in influent water also stimulates the 
growth of large biofilm comprising filamentous bacteria (Jiang et al. 2011; Scholz et 
al. 1997).  
Due to this microbial breakthrough, the effluent water quality deteriorates 
(pathogenic and infectious disease) and may require higher disinfection levels (Lin et 
al. 2010; Pernitsky et al. 1997; Stringfellow et al. 1993) or another separation process 
such as membrane filtration after the BAC treatment (Barker et al. 1999; Jin et al. 
2013; Keinanen et al. 2004). Stringfellow et al. (1993) observed that when 0.5 mgL-1 
of free chlorine was used, no viable heterotrophic plate count (HPC) could be 
detected after 5 minutes contact. However, some HPC bacteria in the BAC effluent 
were resistant to chlorine disinfection. Pernitsky et al. (1997) found that 30 to 75 
mg.minL-1 of free chlorine only achieved 0.7-2 log reduction of particle associated 
HPC bacteria. Mainly, the BAC followed by sand filter or membrane filtration can be 
applied (Jin et al. 2013). Therefore, carbon bed clogging should be avoided and have 
to be maintained at an ecological equilibrium to produce higher quality water.  
2.2.2.2 Stabilization of biomass 
The stabilization of biomass can be explained by two mechanisms. One is the 
diffusive transport resistance which limits the biodegradation rate (Seredyńska-
Sobecka et al. 2006) and second is the consumption of bacteria by protozoa (Servais 
et al. 1994). The first is explained above hence the second is explained below. 
A strong protozoa/bacteria equilibrium is important for the high bioactivity of BAC 
biofilm (Scholz et al. 1997). There is a symbiotic relationship between free-
swimming ciliates and bacteria when not enough food is available. Scholz et al. 
(1997) observed that a sufficient bioactivity in BAC can be established when a strong 
population of protozoa was present in the liquid phase. As such a good removal 
efficiency of organic substances can be reached when a number of bacteria in liquid 
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phase become a low or once the BAC becomes saturated with bacteria. A significant 
number of free swimming ciliated protozoa indicates a good organic carbon removal 
by bacteria attached to the AC surface (Scholz et al. 1997). 
Further, the abundance of invertebrate in GAC filters and effluent water was shown 
to increase with water temperature (Wang et al. (2014). From spring to summer, the 
abundance of invertebrate increased and the dominant small invertebrates (rotifers) 
gradually were substituted by larger invertebrates (copepods). The role of 
invertebrates on DOC removal has not been reported and this needs investigation.  
2.2.2.3 Microbial community composition of biofilm 
The microbial population attached to the porous surface of the GAC is mainly 
responsible for the biological processes in the BAC. The biomass concentration in 
the BAC is related to the hydraulic retention time, longer retention time caused 
higher microbial contact time and thus, cause higher microbial growth and diversity 
(Liao et al. 2013; Yang et al. 2011). However, only a slight change of the biomass 
concentration was reported with the service time of BAC (Liao et al. 2013).   
The most dominant bacterial classes in the BAC biofilm were Betaproteobacteria and 
Alphaproteobacteria and they are considered to contribute for the BOM degradation 
(Kaarela et al. 2015; Li et al. 2010; Liao et al. 2013; Yang et al. 2011). Most of the 
studies report the dominance of the class Betaproteobacteria in the down-flow mode 
BAC filters (Li et al. 2010; Niemi et al. 2009; Yang et al. 2011) Some studies report 
the dominance of Alphaproteobacteria in up-flow BAC reactors at high AOC 
concentration (235-162 µg/L) in the influent (Liao et al. 2012; Liao et al. 2013).  
The bacterial community composition of BAC filters was dependent on the 
availability of nutrients such as phosphorus (Li et al. 2010) and carbon substrate 
(Boon et al. 2011). The microbial community composition richness and dynamics 
increased along the BAC bed depth and the microbial community become more 
stable and even at all of the depths during the long-term operation (after about 80 
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days) (Boon et al. 2011). Further, the bacterial composition changed with the 
operational conditions such as retention time (Yang et al. 2011), hydraulic loading 
rate (Zhang et al. 2010a), backwashing (Liao et al. 2015), temperature (Kim et al. 
2014). 
2.2.3 Biofilm growth requirements 
The large portion of active biofilm is composed of heterotrophic bacteria. They 
mainly use the dissolved organic compounds as their nutrient source. Moreover, the 
growth of biomass in BAC depends on several factors. The nutrient level, DO and 
pH are considered to be the main growth requirements of biofilm.   
2.2.3.1 Amount of nutrient 
Other than the organic substrates nitrogen phosphorous and other micronutrients are 
essential for the growth of biofilm. Micronutrients such as calcium, magnesium, 
potassium, iron, zinc, etc. are also required in trace amounts and these micronutrients 
are readily available in all natural water sources in very low concentrations. In 
general the heterotrophic bacteria need a substrate and nutrients; nitrogen and 
phosphorous at a ratio of approximately 100:10:1 for their growth (Sang et al. 2003; 
Sathasivan et al. 1997). Therefore, nitrogen and phosphorous are the two major 
nutrients that have to be controlled to prevent the nutrient limitation on NOM 
removal. 
Nitrogen is required by the microorganisms to build amino acids. Chu et al. (2005) 
observed that addition of ammonium 0.5 mg-NL-1 has significant effect on biofilm 
formation but there is no effect at ammonium or nitrate level below 0.1 mg-NL-1.  
Phosphorus also plays an important role on the growth of bacteria (Jiang et al. 2011; 
Sathasivan et al. 1999; Sathasivan et al. 1997). The addition of 0.07 mgL-1 
phosphorus increased the removal efficiency of chemical oxygen demand (COD) and 
increase the biofilm activity in BAC (Scholz et al. 1997). In some cases, phosphorus 
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could be limiting but not manifested on the measurement of total or orthophosphorus 
concentrations. The most phosphorous in raw water is combined with high MW 
organic compounds or inorganic matter. Therefore, it reduces the availability of 
phosphorous to bacteria and they can use only a portion of the total phosphorus 
(Sang et al. 2003). Lehtola et al. (2002) reported that there was no correlation 
between total phosphorus and microbial growth, but is strongly correlated with the 
microbiologically available phosphorous (MAP) concentration. Therefore, care 
should be taken to interpret the phosphorus measurements in surface water sources 
and the performance of a BAC reactor. On the other hand, phosphorus can 
accumulate in the biofilm and contribute to bacterial growth (Van der Wende et al. 
1990). Therefore, short term phosphorus limitation is not a problem, but long-term 
phosphorus limitation needs to be treated. At the same time, BAC feed flow rate may 
need to increase when the nutrient level is low to avoid shrinkage of the biofilm 
(Simpson 2008). 
However, the addition of phosphorus (~180 µgL-1 P) as a nutrient to BAC reactors 
operated for perchlorate and nitrate removal from contaminated ground water, Li et 
al. (2010) observed that the microbial diversity including both richness and evenness 
of perchlorate reducing bacteria had decreased markedly. These finding suggest that 
the microbial community structure inside the bioreactors respond differently to the 
addition of phosphorus. 
In summary, the phosphorus addition to phosphorus limited BAC systems enhances 
the microbial community function and improves bioreactor performance. In contrast, 
a decrease in microbial diversity was observed in response to the addition of 
phosphorus. Therefore, the performance of BAC systems should be carefully 
evaluated before adding phosphorus.  
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2.2.3.2 DO and pH level 
The microorganisms which were adsorbed on the AC surface feed on DO and 
biodegrade the organic matters and other contaminants. Jin et al. (2013) reported a 
simplified model to show the interactions of AC particles, microorganisms, 
contaminants and DO in water (Figure 2.8). Especially the aerobic microorganisms 
in the biofilm need sufficient amount of DO for their growth (Jin et al. 2013). 
 
Figure 2.8: Interactions between AC, microorganisms, contaminant and DO (Jin et 
al. 2013). 
Both DO and pH level of the influent water control the growth rate of bacteria, fungi 
and protozoa. High DO (> 8 mgL-1) and low pH (5.5-6.5) levels facilitate the growth 
of ciliated protozoa and rotifers in the liquid phase which is necessary to establish 
sufficient bioactivity in BAC filter (Scholz et al. 1997). This is correlated with the 
high bacterial level in the biofilm, and a good removal efficiency of DOC (Scholz et 
al. 1997). Therefore, the control of pH and DO level is essential. Otherwise, growth 
of filamentous bacteria leads to clogging of the BAC media (Scholz et al. 1997; 
Seredyńska-Sobecka et al. 2006). 
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2.2.3.3 Temperature 
Temperature affects the removal of NOM from water (Moll et al. 1999; Simpson 
2008). Moll et al. (1999) observed that biofilms operated at 5 oC have a significantly 
lower removal of BOM. It is believed that the lower temperatures attributed to 
slower metabolism which leads to decrease in the rate of nutrition utilization and 
incorporation into the biofilm and suppressed the biodegradation process 
(Lohwacharin et al. ; Moll et al. 1999).  
Low temperature not only reduces the rate of metabolism but also changes the 
microbial community structure (Moll et al. (1999)). The biomass on a biofilter shows 
an abundance of ciliated protozoans during the cold period and where it is being 
replaced by bacteria and fungi during the warmer period (Le Bihan et al. 2000). 
During the cold period biomass contain a low amount of extracellular enzyme like β-
glucosidase which is required for the cellulose degradation process. The abundance 
of this enzyme indicates the presence of microorganisms with a high hydrolytic 
activity towards particulate polymers where those microbes become responsible for 
clogging (Le Bihan et al. 2000). 
2.2.4 Operational Interventions 
2.2.4.1 Backwashing 
The backwashing is important on the long-term performance of BAC filters. During 
the backwashing, AC media is fluidized. The fluid shear and abrasion release the 
bound organic or inorganic substances on the BAC media into the backwash water 
(Gibert et al. 2013).  
There are several backwashing strategies used in the water treatment train and they 
are emphasized in several reviews and investigations of biological filtration 
processes (Emelko et al. 2006; Rasheed et al. 1998; Urfer et al. 1997b). Mainly, the 
backwashing is accomplished by passing water or a mixture of water and/or air in an 
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up-flow manner through the BAC filters to fluidize AC media (Gibert et al. 2013; Li 
et al. 2012). When the combination of air and sub-fluidization water is flown 
concurrently through the media, it is referred to as ‘collapse pulsing’ (Emelko et al. 
2006; Rasheed et al. 1998). Sometimes, chlorinated water was used as another 
variation. Since the chlorine is a potent oxidizing agent, some of the organics in 
water is oxidized and eventually the AOC concentration increased in the effluent 
(Rasheed et al. 1998).  The use of chlorinated water is believed to increase the 
formation of EPS (Lee et al. 2013; Samrakandi et al. 1997; Xue et al. 2013) which 
can increase the head loss in subsequent processes such as membrane fouling. 
However, these points are still not supported by experimental evidence. 
The backwashing intensity and frequency are the two major parameters that should 
be considered during the operation. Generally, the backwashing was performed at 
two different intensities in laboratory reactors. In a ‘weak backwash’ reactor content 
and 100 mL of previously collected effluent was stirred for 1 minute with a 7.5 cm 
long magnetic stir bar at 75 rpm and decant the supernatant containing detached 
biomass. A ‘strong backwash’ was performed by stirring reactor content and 125 mL 
of collected effluent at 150 rpm for 1 minute and with supernatant decanting (Choi et 
al. 2007; Li et al. 2012). 
The high backwash intensity may cause too much loss of biomass and impair the 
performance of BAC. At the same time, a low intensity of backwashing may not be 
sufficient to remove most of the accumulated biomass hence the pressure will build 
up quickly again during the BAC filters operation. Consequently, more frequent 
backwashes will be required to control the biomass (Li et al. 2012). 
The backwash frequency is another important parameter which affects the biomass 
(Fonseca et al. 2001). Generally during the water treatment plant operations BAC 
filters are backwashed on a weekly basis (Gibert et al. 2013; Simpson 2008), but 
frequency should be defined experimentally in most cases, because operational 
conditions vary (Li et al. 2012). The need for backwashing is generally indicated by 
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the total pressure or flow rate drop in the filter, and a high level of turbidity and 
suspended solids in the effluent water (Fonseca et al. 2001). The increase of the 
backwashing frequency disturbed the biomass less than  the increasing backwashing 
intensity (Li et al. 2012). Additionally, operations at high temperatures require more 
frequent backwashing to prevent the rapid growth of filamentous bacteria than in 
winter operations (Dussert et al. 1994; Laurent et al. 2003).  
The backwashing removes some NOM decaying microorganisms from the BAC 
filter such as most loosely attached biofilms, a certain fraction of tightly attached 
biofilms depending on the backwash intensity (Choi et al. 2007; Dussert et al. 1994; 
Li et al. 2012). The periodic backwashes restore head losses and ensure a long-term 
performance of BAC filters (Dussert et al. 1994; Fonseca et al. 2001; Jin et al. 2013; 
Li et al. 2012). Further, backwashing helps to redistribute the biomass evenly in the 
reactor (Kim et al. 2000) preventing the progressive, irreversible clogging and 
prevents more rapid pressure build-up in BAC filters. Therefore, the backwashing 
process has to be managed to increase the effluent water quality. 
Conclusions on effectiveness vary from researcher to researcher possibly due to the 
intensity, duration, and type (water, water + air and collapse pulsing) of 
backwashing, the quality of water treated (BDOC concentration and other nutrients) 
and the period of operation (summer, winter). The main effects of backwashing are 
summarized in Table 2.2.  
Table 2.2: Summary of main findings from published studies on effect of 
backwashing under different conditions on BAC biofilm processes/ performances.  
Study 
Backwashing (type, frequency, 
winter/summer, DOC (BDOC) 
concentration) 
Major observations 
Gibert et al. 
(2013) 
Sand filtered water, weekly, 
During 1 year operation DOC 
Backwashing physically 
detach bacteria from the 
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content in the influent and 
effluent ranged between 
1.1-5.5 and 0.5-2.5 mgL-1 
biofilm, which however build 
back up to its pre-
backwashing concentration 
before next backwashing 
cycle. 
Niquette et al. 
(1998) 
Non-chlorinated water, after 3 or 
4 days for 25 min total duration 
Water temperature 0.5-20 oC 
 
Increases the biomass density 
because the oxygen and 
nutrients diffusion towards 
the biofilm is favoured. 
In warm water: beneficial 
effect of backwashing occurs 
in top carbon layer, In cold 
water: deeper and throughout 
carbon layer. 
Servais et al. 
(1991) 
Air scour and water 
backwashing, 
Every 50-100 h of continuous 
working in summer and after 
several days in winter 
Only 4 to 8% of the attached 
fixed biomass was released 
during the washing. 
Laurent et al. 
(2003) 
Air scour and non-chlorinated 
water backwashing,  
once a week, 
Water temperature range 1-28 oC 
 
No effect on biomass density 
Backwashing improved the 
ammonia removal in warm 
(≥18 °C) water in a first-
stage filter containing an 
open-superstructure GAC 
In cold water (≤ 4 °C), 
backwashing found to have a 
negative impact on 
nitrification capacity in open-
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superstructure GAC first-
stage filter. 
Rasheed et al. 
(1998) 
Air scour backwashing at 
collapse pulsing conditions 
Air scoured backwashing and 
backwashing with water only 
Chlorinated backwash used alone 
or in combination with air (Filter 
run time 24 h) 
Not detrimental to the 
removal of AOC. 
Do not significantly improve 
AOC removal. 
Has a very low effect and 
reduces the biofilm 
performance. 
Emelko et al. 
(2006), Urfer 
et al. (1997b) 
Collapse pulsing 
Increases the abrasion and 
velocities of the media 
grains, hence collapse 
pulsing for biological filters 
requires optimization. 
Urfer et al. 
(1997b) 
Chlorinated backwashing Inhibit bacterial activity. 
Miltner et al. 
(1995) 
Chlorinated backwashing, 10 
minutes, Chlorine dose 2.5-3.0 
mgL-1 
Loss of attached biomass. 
Wang et al. 
(2014) 
Chlorinated backwashing, every 
2 days in summer 
Backwashing GAC with 1.5 
mgL-1 chlorine is effective to 
inhibit total invertebrate 
abundance such as 
cladocerans, copepods 
(mainly Harpacticoida) and 
nauplii. 
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In summary regular backwashing is essential to prevent clogging in continuous flow 
BAC filters. Mainly, the backwash intensity and frequency are the most important 
primary parameters that control the backwashing process. Biofilm accumulates both 
biological and non-biological particles and their detachment differs during 
backwashing (Urfer et al. 1997b). At the same time, the results taken from one study 
cannot be transported to another as the operational conditions differ greatly. 
Therefore, the backwashing strategies developed for non-biological filters must be 
re-examined before using them for the biological filters and should be confirmed by 
further work at full-scale. Such criteria may vary with temperature and the amount 
and nature of the organic matter present. As the increase in temperature promotes 
rapid proliferation of large invertebrates, BAC filters have to be backwashed more 
frequently at high temperatures than in cold water periods. Further, the establishment 
of backwashing strategies for biological filters requires a deeper understanding of 
biomass loss during backwashing in order to maintain steady state behaviour of BAC 
filters.  
2.2.4.2 pH and DO 
The pH, DO and correct balance of nutrient particularly the amount of BDOC are 
three major operational control parameters. The control of pH and DO is essential to 
maintain optimal bacteria and protozoa level as discussed in section 3.3.2. Excessive 
growth of filamentous bacteria can be controlled by decreasing DO and increasing 
pH. 
2.2.4.3 EBCT 
The length of the time one bed volume of water remains in contact with the 
adsorbent is referred to as the EBCT or the retention time. This is an important factor 
that should be considered during the design stage of a BAC contactor. Longer 
EBCTs can be achieved by increasing the bed volume or reducing the flow rate 
through the filter. The removal of DOC increases with the increasing EBCT (Pipe-
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Martin et al. 2010; Rattier et al. 2012). At the same time increase in EBCT require 
larger space and more media. Therefore, optimum EBCT has to be established at the 
design stage of BAC filters.  
Li et al. (2006) reported that the optimum EBCT for ozone BAC process, employed 
to treat raw water, is 15 minutes. When the contact time between waterborne organic 
substances and biomass increases, diffusion through the biofilm together with the 
biodegradation process on the BAC will increase and, as a result, higher DOC 
removal can be observed (Rattier et al. 2012). Therefore, retention time significantly 
influences the BAC process and has to be optimized as design criteria for better 
NOM removal.  
2.2.4.4 Chemical disinfection/ residual disinfectant 
When the BAC influent water has been pre-disinfected with chlorine, chloramines, 
chlorine dioxide or ozone the removal efficiency of organic matter and other 
contaminants is lowered (Dussert et al. 1994; LeChevallier et al. 1988). It is believed 
that the biofilm on the AC may be disturbed or destroyed under harsh conditions of 
disinfection. And this may result in a thin and weak biofilm which is ineffective in 
removing NOM and other pollutants. Butterfield et al. (2002) increased the chlorine 
dose until a free chlorine residual of 0.09-0.15 mgL-1 was obtained in the effluent. 
They observed a development of less biofilm biomass and bacteria utilize organic 
carbon for generating compounds that can afford protection against the effect of 
chlorine, rather than for the production of more biomass. Some researchers believe 
EPS is produced by biofilm as a method to protect against the effect of chlorine 
(Chesney et al. 1996; Samrakandi et al. 1997). Xue et al. (2013) reported the 
presence of 0.5 mgL-1 free chlorine in the influent hinder biofilm to spread and 
colonize on BAC. Further, the adenosine triphosphate (ATP) per cell count was 
decreased by the increase of residual chlorine (Lohwacharin et al. 2015). The critical 
residual chlorine concentration, which might not have an adverse effect on the 
biological activity was approximately 0.2 mgL-1 (Lohwacharin et al. 2015).  
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In addition, periodic addition of ozone to the influent water also lower the amount of 
biomass (Urfer et al. 2001). When the residual ozone concentration was around 0.88 
mgL-1, Lohwacharin et al. (2015) observed that the biomass at the top of the BAC 
bed is continuously stressed by the residual ozone and decrease the cell density 
markedly. At the same time, high residual ozone decreased the removal of aromatic 
proteins and SMP-like compounds (Lohwacharin et al. 2015). On the other hand, 
residual ozone can interact with the AC surface and enhance ozone decomposition to 
hydroxyl radicals (HO▪) (Jans et al. 1998; Sánchez-Polo et al. 2005; Xing et al. 
2014). This process leads to reduction of dissolved organic matter concentration. AC 
with highest basicity and large surface areas are most efficient in this process 
(Sánchez-Polo et al. 2005).  
The reducing agent sodium bisulphate is used to control the amount of chlorine and 
ozone exposed to biofilm. This agent reacts with chlorine and ozone and quenches its 
activity (Simpson 2008). 
2.2.4.5 BAC effluent quality  
Despite its positive impact by producing the biostable effluent, the presence of 
microorganisms, particulate matter and EPS arising from detachment of accumulated 
biomass/abiotic components are negative impacts (Servais et al. 1991) that need 
further treatment or frequent backwashing is required (Han et al. 2013). 
HPC increase when flowing through the BAC. Stringfellow et al. (1993) observed 
that the HPC of the 2 years old BAC effluent was about 6310/mL and the product 
water can be easily disinfected despite its having a high HPC. Servais et al. (1991) 
observed that ozonation followed by BAC treatment exported only a 7% of the 
produced biomass with the outflow. Zhang et al. (2015), however, noted operation of 
BAC after ozone produced effluent water containing less HPC bacteria due to BAC 
retaining ozonated particles easily.  
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Operational regime can impact the effluent water quality and hence can be used to 
control it. The up-flow and down-flow BAC filters have different microbial 
distribution patterns. Therefore, the comparison of the up-flow and down-flow BAC 
after ozonation shows that the HPC in up-flow BAC finished water was 30% higher 
than that of the down-flow BAC (Han et al. 2013). Further, the HPC and particle 
count increased with the sudden increase in the filtration velocity applied to the BAC 
filtration (Zhang et al. 2015). The growth of biomass can be minimized to prevent 
the substrate or contaminant breakthrough into the effluent by controlling the 
backwashing intensity and frequency.  
Microbes, EPS and particles in the effluent can be treated by disinfection. Several 
authors found that these microbes can be easily disinfected (Servais et al. 1991; 
Stringfellow et al. 1993). The majority of the particles in the effluent are in the range 
of <20 µm they can be disinfected with chlorine (Stringfellow et al. 1993). However, 
some bacteria in the BAC effluent were resistant to disinfection. Increasing 
disinfectant dose may result in more DBPs, due to the presence of SMP and EPS in 
the effluent (Hong et al. 2018).  
The amount of BAC particles that leached into the finished water has to be 
minimized by following sand filter or membrane filtration after the BAC (Jin et al. 
2013). Since these products are composed of high MW organic compounds such as 
EPS and SMP (Namkung et al. 1986), the coagulation can also be applied after the 
BAC treatment to remove these products from effluent water. The coagulation 
treatment is more advantageous over other process as this eliminates compounds that 
can cause DBP and accelerated chlorine decay (Bond et al. 2010; Watson et al. 2015; 
Zhao et al. 2013).  
In summary, effluent quality can be challenging in terms of microbes, particles, EPS 
and SMP. These can be removed by sand filter or microfiltration or minimised by 
proper selection backwash frequency/intensity, but these need to be finally 
disinfected with chlorine. The presence of SMP and EPS would increase DBPs and 
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hence a process such as coagulation that removes SMP would benefit. Usually, 
coagulation is applied before ozone/BAC combination and hence the application of 
coagulation after ozone/BAC may not be wise, but a rethink may be needed on how 
the processes could be organised.       
2.2.5 BAC regeneration 
At some point of the operational life of the BAC, the adsorption capacity decreases 
to the point that the BAC no longer produces the desired water quality. Generally, 
the DOC removal in BAC filters decline from about 87% to 24% after 6 years 
operation (Lohwacharin et al. 2011). At this time, the spent BAC has to be replaced 
with new GAC or have to be regenerated. 
A number of techniques including thermal (Ania et al. 2004; Foo et al. 2012), 
electrochemical methods (Berenguer et al. 2010; Sun et al. 2013), solvent extraction 
(Cooney et al. 1983; Guo et al. 2011), wet oxidation (Ledesma et al. 2015; Shende et 
al. 2002) and biological regeneration (Aktaş et al. 2007; Oh et al. 2011) methods 
have been used to regenerate the spent AC. However, the BAC is significantly 
different from the AC due to its microbial activity.  
To date, little work has been done to study the recovery process of the BAC.  Dong 
et al. (2015) studied the reactivation cycle of BAC using six BAC samples taken 
from six advanced water treatment plants in China. They observed that the 
reactivation cycle of the BAC depends on service time of BAC, running load, 
reactivation time, reactivation yield and cost. Investigations show that 2 hours of 
reactivation at 850 oC using water steam is good for recovery of GAC adsorption 
capacity and best reactivation cycle for BAC is within 1.5 years (Dong et al. 2015). 
The thermally regenerated BAC showed that the true micropore and sub-micropore 
volume, pH, bulk density and hardness decreased compared to the virgin AC (Dong 
et al. 2014). However, the surface functional groups did not change significantly 
(Dong et al. 2014). 
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Low frequency ultrasound treatment is an effective BAC regeneration method (Liu et 
al. 2017b). The frequency (40 kHz), sonication intensity (115 × 10-3 Wcm-3), 
sonication time (5 minutes) and water temperature (25-30 oC) are the crucial 
parameters on the reactivation mechanism. There is no significant effect of BAC 
usage time on the regeneration efficiency. Further, Liu et al. (2017b) observed 
increase in biological activity under the optimized conditions. 
In addition, high frequency ultrasonic radiation technology was developed to 
regenerate spent BAC used in drinking water treatment (Sun et al. 2018). The 
optimized conditions were a frequency of 400 kHz, sonication power of 60 W, water 
temperature 30 oC and sonication time of 6 minute. Under these conditions, 68% of 
biological activity was recovered, however, the activity of certain bacteria such as 
Clostridia and Nitrospira were reduced markedly and inhibited certain carbon-
attached microbes in the early stage of the reuse process (Sun et al. 2018). 
In summary, BAC can be regenerated thermally and by applying low or high 
frequency ultrasound. Effectiveness of thermal reactivation and restoration of 
adsorption capacity reduces with the longer the BAC process run and the higher 
loading rates, hence the reactivation cycle of BAC should not be more than 2 years. 
On the other hand, there is no significant effect of BAC usage time for the low 
frequency ultrasound regeneration.     
2.2.6 Cost analysis of BAC with other treatments  
Cost plays a major role in selection of a water treatment method. Among the 
chemical technologies, a novel method that is often used in recent decades is the 
advanced oxidation processes (AOP) such as ozonation, ultraviolet (UV), H2O2 
treatment, photocatalytic oxidation. Due to high oxidation rate of the chemical 
reactions caused by these processes, the regulated compound (bromate) forms in high 
bromide (>100 µgL-1) containing waters and the organic matter is broken down to 
smaller (hydrophilic) and biodegradable compounds (Ramseier et al. 2011). AOPs 
are therefore not suitable for high bromide containing waters and are not economical 
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due to their high capital cost and high operating cost and maintenance cost 
(Mahamuni et al. 2010; Masten et al. 1994; Mohajerani et al. 2009). In lower 
bromide containing waters, AOPs are usually coupled with other post-treatment such 
as biological treatment. The integration is justified commercially when intermediates 
are easily degradable in the next process. 
The physical processes such as coagulation, filtration, adsorption, gas stripping are 
mainly employed to separate large settleable matter and to clarify turbid solutions. 
These methods are low cost methods (Mohajerani et al. 2009) compared to the AOPs 
but have to be integrated with other treatment process to provide better water quality. 
As the AOPs change the characteristics of organic matter, it would be beneficial to 
use physical post treatment such as GAC. However, the operation cost for the BAC 
systems is less than that of the GAC systems with an estimated saving of 2-3 fold 
and the service life of the GAC extended 4-5 folds (Lin et al. 2001). 
The cost of building and operating a membrane bioreactor is higher than the 
conventional treatment plants, but membranes foul over time (Rattier et al. 2012). 
The use of BAC is beneficial due to its cheaper construction and low operating cost 
and no additional chemicals requirement. Mainly, the less frequent regeneration of 
the carbon will result in lower energy requirements and operating costs. The capital 
and operating cost of the biological treatment methods are 5-20 and 3-10 times 
cheaper than those of chemical methods, respectively (Mohajerani et al. 2009).  
The overall costs of treatment are represented by the sum of capital costs, operating 
costs and maintenance. As each treatment method is dependence on effluent water 
quality and plant characteristics their direct comparison is difficult concurrently, 
there are only a few reports available in the literature on cost analysis of drinking 
water treatment.  
In summary, the BAC is a cheap process, if sufficient BOM is present. However, the 
effluent quality may need additional treatments such as disinfection or coagulation 
prior to disinfection. While disinfection is always an essential treatment, coagulation 
51 
 
Chapter 2                                                                                                       Literature Review 
 
may be an additional treatment to minimise DBP formation and hence the better 
location of BAC in the treatment train should be prior to coagulation to optimise the 
cost. Another avenue to minimise cost is to reduce the EBCT by expediting the 
microbiological process or understanding the BAC process to maximize the benefit 
from coupled processes. 
2.2.7 Surface modification strategies 
To maximize the biodegradation and remove of NOM, micro-pollutants, and metals 
such as iron and manganese from water, development of BAC with physical and 
chemical modifications may be beneficial. This will help to further reduce the 
chlorine demand and precursors of DBP. Recent research has been placed on 
modifying the physical and chemical properties of AC. However, up to date research 
has been rarely undertaken to study the effect of physical and chemical surface 
modification methods on biological activity of carbon. The Table 2.3 summarizes the 
main methods of AC surface modifications. 
Table 2.3: Main surface modification methods of AC. 
Modification Treatment Main results 
Applicability in water 
treatment 
Chemical 
Characteristics 
Acidic 
Ex: Oxidize 
with nitric acid, 
ammonium 
persulphate 
Increases the acidic 
property of carbon, enhance 
uptake of metal ions, 
Improves the hydrophilic 
nature of surface(Yin et al. 
2007) 
Removes the mineral 
elements, heavy metals 
(Bhatnagar et al. 2013),  
dye molecules (Wang et 
al. 2007). 
Basic 
Ex: Treatment 
with ammonia 
Create basic functional 
groups in surface and 
produce positive surface 
charge 
Enhance uptake of 
organic based 
substances (Cheng et al. 
2005; Shaarani et al. 
2011). 
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Impregnation Modified with iron 
Enhance DOC uptake 
(Dastgheib et al. 2004). 
 
Impregnated with 
Aluminium nitrate solution 
Enhance fluoride 
adsorption capacity 
(Leyva et al. 1999). 
 
Impregnated with Ag 
Increase CN- removal  
(Adhoum et al. 2002). 
Treat with 
Manganese 
compound 
Affect the micro-porous 
structure of AC 
Enhance adsorption 
capacity for certain 
metal ions 
(Lalhmunsiama et al. 
2013; Lee et al. 2015), 
organic matters (Wang 
et al. 2011; Zhang et al. 
2013) 
Acts as catalyst for 
oxidation of certain 
organic compounds 
(Tang et al. 2009) 
Physical Thermal 
Increase surface area and 
pore volume 
Enhanced absorption of 
organic compounds 
(Yin et al. 2007) 
 
These modification techniques were intended to significantly alter the characteristics 
of AC and enhance their affinity towards metal, inorganic and organic species 
present in water. Mainly, the iron impregnation of AC enhances the capacity of DOC 
removal. Alternatively, the presence of acidic functional groups on the carbon 
surface lowers the DOC removal  (Dastgheib et al. 2004). It is therefore, essential to 
understand the influence of these modifications on microbial activity of BAC. It is 
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obvious that chemical or physical modification could offer additional DOC removal 
and may influence the microbial activity. 
2.2.8 BAC versus other physiochemical processes 
The BAC treatment process offers solutions for the limitations of traditional water 
treatment methods. Mainly, BAC is more effective in removing LMW compounds 
rather than removing higher MW ones (Matilainen et al. 2002) and it is capable of 
removing biodegradable organic substances (Rattier et al. 2012) which are generally 
not coagulable (Volk et al. 2000). Therefore, BAC process is capable of removing 
non-coagulable organic compounds. Moreover, more hydrophilic compounds such as 
DBP precursors of N-nitrosodimethylamine (NDMA) decreased markedly (about 
90%) following the BAC treatment (Asami et al. 2009; Wang et al. 2017a) in 
addition to trace level organic pollutants (Luo et al. 2014; Reungoat et al. 2011) and 
heavy metals (Srivastava et al. 2008).  
2.2.8.1 BAC after advanced oxidation  
To take advantage of the BAC, several processes have been combined in the past to 
achieve desirable outcomes. First, such application is widely practiced in removing 
lower MW compounds produced after an advanced oxidation process such as 
ozonation, UV and H2O2 (Liu et al. 2011; Siddiqui et al. 1997). The Pre-oxidation 
treatment reduces chlorine dosage during disinfection thereby, reduces the formation 
of chlorinated-DBP and to remove odorous substances (Takeuchi et al. 1997). In the 
pre-oxidation followed by BAC treatment, the organic matters are removed by the 
three processes of pre-oxidation, adsorption and biodegradation (Li et al. 2006; 
Takeuchi et al. 1997). On the other hand, when bromide concentrations are present in 
the water, ozone oxidizes bromide in water to bromate in concentrations which are of 
health concern (Kastl et al. 2015). With inherent difficulty in removing bromide from 
water, ozone treatment becomes essentially a redundant process.  
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During UV treatment, the NOM absorbs UV (254 nm) radiation and breakdown the 
macromolecular structures to lower MW, more biodegradable molecules. This UV 
treatment can be used prior to the BAC treatment in combination with oxidants such 
as H2O2, O3 or TiO2 to generate hydroxyl radicals (OH▪) (Buchanan et al. 2008; Justo 
et al. 2015). The UV irradiation and UV/H2O2 can be applicable to organic carbon 
removal without bromate formation (Kishimoto et al. 2012; Siddiqui et al. 1996). 
These hydroxyl radicals react with organic molecules and convert them into simple 
compounds. Vacuum-ultraviolet (VUV) irradiation (185 nm+ 254 nm) fragmented 
the high MW hydrophobic compounds into lower MW hydrophilic compounds 
(Buchanan et al. 2005), which increases the biodegradability of organic compounds. 
The VUV followed by BAC treatment process decreased the overall DOC in natural 
water by 54% and reduced the THM and HAA formation potential by 60-70% and 
74%, respectively . The treatment of UV-H2O2 followed by BAC treatment is widely 
used in municipal wastewater treatment and observed great reduction in DOC (Justo 
et al. 2015; Lu et al. 2013; Pradhan et al. 2015). UV/ H2O2 followed by BAC and 
ozone-BAC process was able to remove 50% and 66% of DOC respectively and 
observed enhanced removal of micropollutants from reverse osmosis (RO) brines 
(Justo et al. 2015). 
Most of the research revealed that the organic pollutant removal was much more 
improved by the synergistic effect in the pretreatment followed by BAC process. 
Moreover, although some pharmaceuticals and trace level organic pollutants were 
partially removed by the BAC filter, the integration of the UV/H2O2 or the ozone 
step increase the total removal of trace level organic pollutants. This is mainly 
because the biodegradability of the oxidized effluent in the presence of UV/H2O2 or 
the ozone was higher than that of BAC alone (Justo et al. 2013; Justo et al. 2015; Li 
et al. 2007). Table 2.4 summarizes some recent studies on trace organic pollutant 
removal by combination of BAC process. 
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Table 2.4: Summary of some recent studies on trace level organic pollutant removal 
by combination of BAC process. 
Treatment 
Feed water properties/ 
experimental conditions 
Organic pollutants 
removal 
Reference 
BAC 
 Synthetic wastewater 
with 0.88, 1.53 and 2.19 
mL portions of a 1:1 
(v/v) diesel: petrol 
mixture 
 BAC volume: 8 L, 
aerobic condition 
Polycyclic aromatic 
hydrocarbons (PAHs) 
removal >97% 
Total petroleum 
hydrocarbons (TPHs) 
removal 18-89% 
(Augulyte et 
al. 2009) 
O3-BAC 
 Wastewater treatment 
plant (WWTP) effluent 
 Pilot scale-BAC column 
height: 3 m, inner 
diameter: 22.5 cm, 
EBCT: 30, 60, 90, 120 
min 
 Main ozonation dose: 5 
mgL-1, contact time: 15 
min 
> 90% removal of 
pharmaceuticals and 
personal care products 
(e.g. diclofenac, 
carbamazepine, 
sulfamethoxazole and 
gemfibrozil)  
(Reungoat et 
al. 2011) 
O3- BAC 
 Reservoir water spiked 
with bromophenol and 
phenol of about 200 
µgL-1 
 BAC volume: 2.5 L, 
EBCT: 15 min,  
 Ozone dose: 2.5 mg-O3. 
mg-1-DOC, ozone 
Completely remove 
bromophenol and 
phenol 
(Kim et al. 
1997) 
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contact time: 24 min 
O3- BAC 
 Phenol solution of 
concentration 
approximately 10 mgL-1 
 BAC column height: 20 
cm, inner diameter: 3.5 
cm, backwash: every 2-3 
weeks, EBCT: 2.4-24 
min 
 Ozone dose: 0.7-2.5 
mg/mg-TOC, contact 
time: 1-5 min 
91-100% of phenol 
removal 
(Seredyńska-
Sobecka et 
al. 2005) 
O3- BAC 
 River water spiked with 
pesticides; atrazine, 
diuron and isoproturon 
where each component 
in a concentration of 5 
µgL-1 
 BAC column total 
EBCT: 40 min 
 Ozone dose: 0.75-0.9 
mgL-1 
>99% removal of 
atrazine, diuron and 
isoproturon 
(Van der 
Hoek et al. 
1999) 
AC/O3-
BAC 
 Reservoir water  
 BAC column height: 100 
cm, diameter: 6 cm, 
EBCT: 15 min, AC: coal 
base GAC 100 g 
 Ozone dose: 3 mgL-1 
contact time: 15 min 
>93% removal of 
phthalate esters and 
persistent organic 
pollutants 
(Li et al. 
2006) 
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UV/O3 –
BAC and 
O3 -BAC 
 Pretreated secondary 
effluent by the sand 
filtration 
 BAC column height: 100 
cm, diameter: 6 cm, 
EBCT: 15, 30, 60 min 
 Coaxial UV source: 15 
W low pressure UV 
lamp, wavelength: 254 
nm 
 Ozone dose: 3-9 mgL-1 
contact time: 15 min 
After further biological 
treatment by BAC 
concentration of 
organic pollutants 
including phthalates 
and phenol derivatives 
were greatly reduced  
(Li et al. 
2007) 
UV/H2O2 
-BAC and 
O3 -BAC 
 RO brine came from a 
tertiary treatment in a 
WWTP 
 BAC column inner 
diameter: 3 cm, volume: 
5 cm, EBCT: 44.7 min 
 UV source: 8 W, low 
pressure mercury lamp, 
wavelength: 254 nm, 
average reaction time: 98 
min 
 H2O2 dose: 0.82 mg- 
H2O2.mg-DOC-1 
 Ozone dose: 2.2 5 mg-
O3. mg-DOC-1, average 
reaction time: 19 min 
Approximately 60% of 
the pharmaceuticals 
content was depleted in 
the biological 
treatment 
(Justo et al. 
2015) 
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Recent interest of BAC was on removing biofouling agents of membrane after 
Visvanathan et al. (2003) showed that BAC can effectively reduce fouling. It was 
found that the long-term use of BAC pre-treatment for secondary effluent prior to the 
microfiltration decreased the organic foulants in the effluent and reduce the need for 
frequent chemical cleaning and so increase membrane life span (Pramanik et al. 
2016). 
2.2.8.2 BAC as a pre-treatment 
Shon et al. (2005) investigated the influence of flocculation followed by adsorption 
by BAC as a pretreatment of sewage effluent for the reduction of fouling. As high as 
90% of the DOC removal was obtained when BAC treated water was flocculated. 
The BAC adsorption as a pretreatment  removes the small MW, decreased the 
permeate flux and when large MW was removed by flocculation, the flux decline 
was minimized (Shon et al. 2004).  
Recently, a few studies have investigated the synergistic effect of BAC followed by 
coagulation and MIEX. Aryal et al. (2015)  showed that the combined treatment 
(BAC followed by MIEX more than MIEX followed by BAC) increased the average 
flux on nanofiltration membrane from 58 to 89%. The combination effectively 
removed both hydrophobic and hydrophilic organic carbon (Figure 2.9).  
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Figure 2.9: Effect of combined BAC/ MIEX pre-treatment of secondary wastewater 
effluent to reduce fouling of nanofiltration membrane; adopted from Aryal et al. 
(2015). 
Aryal et al. (2012) and Aryal et al. (2011b) investigated the role of microbial activity 
in BAC in enhancing DOC removal by the EC in secondary wastewater effluents. 
The results (Figure 2.10) suggest that the introduction of BAC before the coagulation 
process can improve the effectiveness of coagulation in many grounds than the 
EC/BAC process in secondary effluent. First, it improves the removal efficiency of 
NOM from effluent organic matter (EfOM) from secondary effluents. Second, it 
improves the DOC removal by the subsequent coagulation process (Aryal et al. 
2011b). Third, it reduces the amount of coagulant that needs to be added (Aryal et al. 
2012). In the secondary effluent majority (~78%, in Figure 9), of the organic matter 
is coagulable, but in surface waters 50-70% is coagulable. The rest may be amenable 
to biodegradation. Hence, its potential needs to be evaluated.   
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Figure 2.10: Removal of DOC by coagulation followed by BAC (Aryal et al. 2011b). 
As defined by Kastl et al. (2004), NS represents the non-sorbable fraction by 
coagulation, HA the fraction that needs pH adjustment to remove DOC, and NP the 
non-polar fraction which can be removed at any pH. 
Moreover, when biofilms are employed as a part of water treatment strategy SMP 
and EPS can be released. Therefore, this affects the quality of effluent and total 
organic removal in subsequent physicochemical processes. The formation of SMP is 
related to the BOM removal and the biomass concentration (Carlson et al. 2000). The 
SMP contained mainly high MW organic compounds (Namkung et al. 1986). SMP-
UAP were more biodegradable than the SMP-BAP, therefore SMP-BAP was 
expected to accumulate in biological treatment process (Jarusutthirak et al. 2007). 
Jarusutthirak et al. (2007) observed that SMP-BAP exhibit high MW and hydrophilic 
character. Because these SMPs consist of high MW organic compounds they can be 
removed by the coagulation process - most plausible reason for  Aryal et al. (2011b), 
Aryal et al. (2012), Aryal et al. (2015) to observe an enhanced removal of DOC by 
coagulation or MIEX. 
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In summary, the BAC can be effectively utilised as both pre-treatment to coagulation 
and MIEX or to prevent membrane fouling or as post treatment for advanced 
oxidation process. To control the negative impacts of the effluent quality, the BAC 
should be used as a pre-treatment to coagulation. Advanced oxidation is better placed 
before the BAC and hence a rethink of the current configuration of using BAC as the 
last polishing treatment before chlorination is needed.  
2.3. Research gap  
The BAC treatment is one of the most promising water treatments which offer 
several advantages over traditional processes. Mainly, it is capable of removing 
LMW compounds including BOM. Moreover, BAC is capable of removing 
ammonia, many trace organic contaminants, heavy metals including manganese and 
iron, synthetic organic chemicals and reduce the taste and odour causing compounds.  
So far the research has been undertaken with the understanding the amount of DOC 
the BAC can remove is limited. The Table 2.5 summarized the previous research 
work related BAC treatment. Therefore, most application has been as a polishing 
step.  
Table 2.5: Summary of previous research work related to BAC treatment. 
Study related to BAC Researchers 
Biofilm development 
Scholz et al. (1997), Servais et al. (1994), Aktaş et 
al. (2007), Blenkinsopp et al. (1991), Laspidou et al. 
(2004a), Laspidou et al. (2004b), Möhle et al. 
(2007), Nielsen et al. (1997), Davies (1999), 
Pellicer-Nàcher et al. (2014), Keinanen et al. (2004) 
Biomass activity in BAC 
Seredyńska-Sobecka et al. (2006), Lazarova et al. 
(1995) 
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Removal of organic matters 
Hijnen et al. (2014), Walker et al. (1997), Zhang et 
al. (2010b) 
BAC process 
Dussert et al. (1994), Simpson (2008), Rattier et al. 
(2012), Zhang et al. (1991), Jin et al. (2013) 
Stages of DOC removal/ 
treatment mechanism 
Lohwacharin et al. (2011), Dussert et al. (1994) 
Biodegradation process Klimenko et al. (2002) 
Microbial products 
Laspidou et al. (2002), Jarusutthirak et al. (2007), 
Woolschlager et al. (1995a), Carlson et al. (2000), 
Wingender et al. (2012), Barker et al. (1999), 
Samrakandi et al. (1997), Xue et al. (2013), 
Namkung et al. (1986) 
Impact of surface properties/ 
types of AC 
Yapsaklı et al. (2009), Voice et al. (1992) 
Microbial adhesion to surface 
Hermansson (1999), Garrett et al. (2008), Jucker et 
al. (1997) 
Clogging Le Bihan et al. (2000), Kim et al. (2010) 
Effect of phosphorous 
Jiang et al. (2011), Sang et al. (2003), Sathasivan et 
al. (1997), Sathasivan et al. (1999), Scholz et al. 
(1997), Lehtola et al. (2002), Li et al. (2010) 
EBCT Pipe-Martin et al. (2010) 
Effect of chlorine 
Butterfield et al. (2002), Xue et al. (2013), 
Lohwacharin et al. (2015) 
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Impact of Temperature Moll et al. (1999), Le Bihan et al. (2000) 
Backwashing 
Emelko et al. (2006), Rasheed et al. (1998), Urfer et 
al. (1997b), Li et al. (2012), Lee et al. (2013), Choi 
et al. (2007), Fonseca et al. (2001), Laurent et al. 
(2003) 
BAC regeneration 
Dong et al. (2014), Dong et al. (2015), Liu et al. 
(2017b) 
Effluent water quality 
Lin et al. (2010), Pernitsky et al. (1997), 
Stringfellow et al. (1993), Wang et al. (2014), Han 
et al. (2013), Zhang et al. (2015) 
 
The literature shows there could be additional benefits in using the BAC as a pre-
treatment even before traditional coagulation flocculation step. The capability of 
BAC to remove hydrophilic fraction of NOM and converting to easily coagulable 
fraction can substantially reduce the coagulant demand and produce the water that 
can be disinfected with a low amount of chlorine. Subsequent coagulation may also 
reduce the amount of microbial load from the BAC. Thereby, BAC treated water is 
less likely to form undesirable DBP and control the microbial regrowth in 
distribution systems. 
DOC removal by EC and MIEX was seen to be improved by the BAC when 
secondary effluent was utilised. However, how this will be translated to surface and 
ground water is not known and hence further research is needed. For example, 
surface waters contains around 30-50% non-coagulable fraction (Kastl et al. 2004) of 
DOC whereas secondary effluent contains much lower fraction (20-30%). The non-
coagulable fraction may be amenable for conversion to coagulable fraction by BAC 
and hence investigation needs to be carried out to exploit this aspect.  
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Most of the previous research work mainly focuses on achieving higher NOM 
removal. However, if the target of a water treatment plant is to produce chlorine 
stable water which results in less DBP, then the investigation has to be carried out to 
understand those impacts rather than just the DOC removal. 
BAC is currently identified as a slow process and technology should be developed to 
expedite the process to achieve a desirable outcome - chlorine stable water that 
produces less DBP from challenging and ever changing source waters. Current 
limitation especially the requirement for longer EBCT to remove DOC should be 
overcome, by understanding the dynamics of coagulation/MIEX aiding SMPs. 
Therefore, main focus of this thesis is to investigate the potential of BAC to enhance 
NOM removal and chlorine stability by subsequent coagulation process. 
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Chapter 3 
 
Potential of BAC Treatment to 
Remove Organic Carbon from 
Surface Waters 
 
3.1. Introduction 
NOM is a major concern in drinking water since it causes several problems in water 
quality such as colour, taste, odour and act as a substrate for microbial growth and 
negatively affects the performance of water treatment processes. Furthermore, NOM 
is the major reservoir of organic precursors for the formation of carcinogenic DBP 
such as THM and HAA in disinfected (with chlorine, chloramine, chlorine dioxide 
and ozone) drinking water systems (Chang et al. 2001; Lou et al. 2010; Richardson 
2011; Trang et al. 2012). The NOM substantially decreases the effectiveness of the 
disinfectants and oxidants and promotes microbial regrowth in distribution systems 
(Gang et al. 2003; Sadiq et al. 2004). 
The amount, composition, and properties of the NOM vary considerably with the 
location, seasonal changes and human activities (Fabris et al. 2008; Teixeira et al. 
2011). In general, NOM includes a larger portion of high MW hydrophobic 
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compounds collectively termed as HS and a small portion of LMW hydrophilic 
compounds such as carboxylic acids, carbohydrates, sugars and amino acids 
(Sillanpää 2015). The NOM can also be divided into two fractions as biodegradable 
and refractory.  
The BOM is usually measured as the BDOC. If BOM is not removed during the 
water treatment, it supports microbial growth in distribution systems (Servais et al. 
1995; van der Kooij 1992) and leads to an establishment of a food web and 
development of undesirable microorganisms including pathogens (1995; Jjemba et 
al. 2010). The organic matters which are refractory to biodegradation (non-
biodegradable) have little effect on bacterial growth but may still react with 
disinfectants and form DBP or BOM which eventually supports microbial regrowth. 
The BOM is mainly related to the NOM with LMW and hydrophilic in nature (Hem 
et al. 2001). During the disinfection, chlorination process rapidly oxidizes bromide 
(Br-) to HOBr-/OBr- and chloramination process oxidizes iodide (I-) to HOI (Liu et 
al. 2017c; Westerhoff et al. 2004; Zhu et al. 2016). This HOBr-/OBr- and HOI are 
more reactive with hydrophilic and LMW fraction of NOM and form brominated and 
iodinated DBPs (Hua et al. 2007; Zhai et al. 2014).  These Br-DBPs and I-DPBs are 
significantly more cytotoxic, genotoxic and mutagenic than their chlorinated 
analogues (Echigo et al. 2004; Liu et al. 2014; Yang et al. 2013). At the same time, 
hydrophilic NOM in world water sources increases with time (Fabris et al. 2008). 
Coagulation is the major processes used in water treatment industry to remove 
colloidal particles and organic compounds. The conventional water treatment process 
removes mostly the hydrophobic and the higher MW compounds (Korshin et al. 
2009; Matilainen et al. 2005; Sharp et al. 2006a; Sharp et al. 2006b) therefore, the 
BOM is typically not affected by the coagulation (Ribas et al. 1997; Volk 2001). As 
with the problems caused by the BOM, the removal of this organic matter fraction 
should be an increasingly important goal during water treatment process. 
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Several biological treatment methods have been investigated to remove BOM from 
source water. Membrane bioreactor process using bioactive powdered activated 
carbon had shown high AOC removal from pre-ozonated water (Williams et al. 
2007). The biofiltration using either anthracite/ sand (Joret et al. 1991; Wert et al. 
2008) or GAC (Chien et al. 2008) filter was effective in reducing BOM 
concentration in source water. Joret et al. (1991) used prewashed sand as a medium 
to grow attached microbes and achieved 10-30% BDOC removal within 3 to 5 days. 
However, GAC media can support three to eight times more biomass than sand or 
anthracite media and BAC can perform better in removing BOM (Wang et al. 
1995a). 
The BAC process offers several benefits over traditional water treatment methods  
(Korotta-Gamage et al. 2017c) and this is an effective and cost-competitive means 
for removing BOM by the microbes colonizing on the AC surface (Dussert et al. 
1994; Scholz et al. 1997; Servais et al. 1994). Interestingly, after continuously 
running for about five month when the adsorption capability of AC was exhausted, 
BAC had desirable removal efficiency for the adsorbable and biodegradable fraction 
of DOC (Zhang et al. 2010b). Concurrently, the biological activity mostly targets on 
removing LMW NOM whose molecular size mainly in the range 3-1 kDa and <0.5 
kDa (Zhang et al. 2010b) and more hydrophilic compounds such as DBP precursors 
of N-nitrosodimethylamine (NDMA) (Asami et al. 2009). The removal of dissolved 
organic matters including the biodegradable compounds by the BAC process 
produces water that is more easily disinfected with lower chlorine demand and 
thereby, lowers the formation of undesirable DBPs including the brominated and 
iodinated DBPs (Graham 1999; LeChevallier et al. 1992; Prévost et al. 1998). 
Moreover, the removal of the BOM reduces the bacterial regrowth in the water 
distribution system (Hijnen et al. 2014; LeChevallier et al. 1992).  
When the adsorption capacity of AC is exhausted DOC removal by BAC reaches the 
relative steady state with a reported DOC removal of about 15-20 % which is 
supposed to be mostly removed by microbes (Korotta-Gamage et al. 2017c; 
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Lohwacharin et al. 2011; Servais et al. 1994). Further, the BAC filters become 
apparently (in terms of measured influent and effluent DOC) ineffective after about 
two years of continuous operation (Dong et al. 2015). On the other hand, the amount 
of measured BDOC in surface waters are usually low range generally from 5-21% of 
the DOC (Joret et al. 1991; Volk 2001). This situation implies that the BAC or any 
other biological treatment methods cannot biologically remove organic carbon 
beyond BDOC. This could be the reason why the water treatment industry mostly 
uses BAC as the polishing process after ozonation and rarely in any other point of the 
treatment train. 
The biodegradable organic carbon is traditionally measured by BDOC method which 
relies on using bacterial population growing in suspended media (Servais et al. 1987) 
or attached to sand particles (Joret et al. 1986; Volk et al. 1994). The BAC, on the 
other hand, offers a large internal surface area for the adsorption and bioactivity on 
its surface removes a significant amount of DOC by biodegradation. Hence, there 
should be much more potential for BAC to biologically remove organic carbon. In 
this context, the traditional BDOC tests are not sufficient to tell the potential of a 
BAC treatment process.  
In this study, a new test was performed to investigate whether the BAC still has the 
capacity to biologically remove more organic carbon than the BDOC. In this test, 
granules from a BAC acclimatized to the source water and fully saturated with the 
organic matter were used as a support medium instead of a single strain of test 
organism (van der Kooij 1992) or bacteria inoculum contained in a small volume of 
surface water (Joret et al. 1986; Servais et al. 1987). Then the DOC removal is 
measured by prolonged biodegradation without any pre-treatment such as ozonation 
to produce more BDOC. The physical and biological processes governing the end 
result of total organic carbon removal by BAC granules are understood by varying 
the experimental design.   
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3.2. Materials and Methods 
3.2.1 Source water 
Untreated surface water taken from three different water treatment plants; Nepean, 
Wyong, and Orchard Hills, NSW, Australia were used in this study. Water from 
Nepean Dam of capacity 67.7 GL which is located within the Upper Nepean 
Catchment Area is pumped to Nepean water filtration plant whereas water from 
Mardi Dam of capacity 7.4 GL is transferred to the Wyong water treatment plant. 
Similarly, the water released from the Warragamba Dam (2027 GL) is pumped to the 
Orchard Hills filtration plant. All the three treatment plants use direct filtration 
treatment after coagulation.  
3.2.2 BAC reactor setup and operation 
A laboratory scale BAC column was employed in this study. The BAC column was 
operated as a continuous up-flow reactor (Figure 3.1). The inner diameter of the 
column was 5 cm. In this study, commercially available untreated activated charcoal 
which was made from peat bog (obtained from Sigma-Aldrich, USA) was used to 
prepare the BAC columns. The characteristics of the AC used in BAC columns are 
listed in Table 3.1. The GAC was washed with tap water for several times to remove 
ash and other impurities before use. The column was filled with 150 cm3 of GAC 
(bed depth of 5 cm). Then the untreated surface water was pumped to the column at 
7.5 mL/min to achieve 20 minute EBCT. To prevent clogging, contents within the 
BAC column were backwashed weekly. Three different columns were operated with 
three different water sources and when the DOC removal reached steady state (>9 
month) the BAC granules were obtained for a batch test with respective source 
water.  
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Table 3.1: Product specifications of the GAC used in BAC columns. 
Parameters Values 
Particle size (mm) a 2.4 – 4.6 
Surface area (Brunauer, Emmett, Teller equation from nitrogen 
adsorption on dry basis m2/g) a 
600-800 
pH (Water extract of a suspension of the product) a 9-11 
BET surface area (m2/g) b 691. 60 
Single point adsorption total pore volume  (less than 4370 Å 
diameter at P/Po = 0.995 cm3/g) b 
0.56 
Pore size (Adsorption average pore width (4V/A by BET, A0) b 32.63 
a Product information from Sigma Aldrich, USA 
b Data obtained from surface area and porosimetry analyser ASAP 2020 
(Micromeitics)  
 
            
Figure 3.1: BAC reactor setup. 
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3.2.3 BDOC determination using suspended bacteria 
The BDOC was determined according to the bioassay procedure developed by 
Servais et al. (1987) and Servais et al. (1989) using suspended bacteria. The 
summary of the experimental protocol was as follows. A 200 mL water sample was 
sterilized by filtration through a 0.22 µm membrane filter. A 2 mL inoculum consists 
of surface water was filtered through 2 µm membrane filter to remove particles and 
any protozoa that could graze bacteria and added to the sterilized water sample. The 
inoculated water sample was incubated at 20 ± 0.5o C, for 28 days in the dark. The 
DOC of the water sample was checked at the beginning of incubation (just after the 
addition of the inoculum) and the end of the incubation period for the determination 
of DOC. Two replicates were collected at the beginning and at the end of the 
incubation for the determination of DOC. The BDOC value was calculated as the 
difference between the mean values of the initial and the final DOC. The accuracy of 
the method has been estimated to be 0.06 mg-C/L. 
3.2.4 Analytical measurements 
To measure DOC concentrations, the samples were filtered through pre-washed (with 
Milli-Q water) 0.45 µm mixed esters of cellulose (Merck Millipore, Australia, # 
HAWG047S6) filter and total organic carbon of the filtered samples was measured 
using Total Organic Carbon analyser (SHIMADZU TOC-LCPH/ CPN SSM-5000A). 
The detection limit of the instrument is 4 µg-C/L. 
3.2.5 Experimental setup 
The investigation was undertaken in five different batch tests as illustrated in Figure 
3.2, for each sample of source water. Three source waters were tested. The BAC 
granules acclimatized to the same source water (Nepean, Wyong and Orchard Hills) 
and fully saturated with organic carbon (which reach the relative steady state of 
organic carbon removal) were used in the test for each water sample. All the 
parameters were measured at room temperature. 
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Figure 3.2: Batch test setup to investigate BAC capacity to remove organic carbon, 
incubation period: ~60 days (all tests were carried out at room temperature). 
3.2.5.1 DOC removal by adsorption and biodegradation 
Batch Test-1 evaluated the performance of BAC in terms of DOC removal from the 
surface water taken from the Nepean, Wyong and Orchard Hills filtration plants by 
adsorption and biodegradation processes. In batch Test-1, 20 cm3 (calculated based 
on packed volume) of BAC granules were added to 1000 mL of untreated source 
water samples separately and the DOC removal was measured with time at room 
temperature.  
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To determine the DOC removal of BAC by the physical adsorption process, 10 cm3 
of BAC granules were heated at 60o C for 60 minutes. This was to ensure the 
structures of organics are not modified while microbes are killed (van der Kooij 
1992). About 500 mL of source water samples were filtered through 0.22 µm mixed 
cellulose membrane filter to remove particles, protozoa and bacteria present in the 
source water samples and then 10 cm3 of heated BAC was placed in 500 mL of filter 
sterilized sample (batch Test-2). The change in DOC was defined as the DOC 
removal by the physical adsorption process of BAC. 
3.2.5.2 Desorption of organic matter from BAC  
Desroption caused by a concentration gradient reversal can affect the adsorbed 
organic species. To understand the effect of adsorbed organic matters on BAC on the 
results of biodegradable organic matter removal, desorption of DOC already 
adsorbed on BAC was examined in the batch Test-3. In this test, 10 cm3 of BAC 
granules (without water), acclimatized (~9 month) to Nepean and Orchard Hills 
water, were heated at 60o C for 60 minutes and was placed in 500 mL of Milli-Q 
water at room temperature and the DOC was measured over time. The BAC granules 
were heated at 60o C to ensure the structures of the organics are not modified while 
bacteria are killed on the BAC to prevent bioactivity of the BAC biofilm and Milli-Q 
water was used to create a concentration gradient towards liquid phase. The 
increased DOC during this period was the result of desorption process. 
3.2.5.3 Coagulability of BAC treated water  
EC was undertaken for different doses of ferric chloride (FeCl3, analytical grade, 
98% assay), 5 to 60 mg-Fe3+/L at pH 5.5 in batch Test-4 to evaluate the EC alone 
performance in terms of DOC removal from Nepean and Orchard Hills reservoir 
water. The pH of 5.5 was adopted because Kastl et al. (2004) found that the removal 
at this pH is maximum for ferric coagulant. The jar test was carried out following 
standard protocol for coagulation and flocculation. This consists of rapid mixing at 
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200 rpm for the first 2 minute and 20 rpm for last 20 minute and a settling period of 
30 minute. 
Coagulability of BAC-treated water was tested in batch Test-1` to know the impact 
of conventional treatment on the biologically treated water. The BAC-treated water 
taken at the end of the batch Test-1 was subjected to coagulation with 10 and 15 mg-
Fe3+/L coagulant dose at pH 5.5 and the DOC was measured.  
On the other hand, the batch Test-5 was performed to understand how prolonged 
incubation would treat the enhance coagulated water as traditionally done as a 
polishing treatment. Untreated Nepean and Orchard Hills water were first treated 
with pre-determined coagulant dose (from batch Test-4) which removed most of the 
DOC and filtered through 0.45 µm filter paper to remove all the flocs. As pH was 
reduced during the coagulation, it was re-adjusted back to the original source water 
pH to ensure the conditions are favourable for the microorganisms in the BAC 
granules. Then 10 cm3 of BAC was added to 500 mL of coagulated water and 
measured the DOC (batch Test-5) with time. 
3.3. Results and Discussion  
3.3.1 Long-term performance of BAC 
Water qualities of three raw water samples are shown in Table 3.2. 
Table 3.2: Water quality of raw water samples 
Parameters Nepean water Orchard Hills water Wyong water 
DOC/ mgL-1 4.14 6.16 5.01 
UV254 0.128 0.114 0.120 
Turbidity/ NTU 35 40 60 
NH4+-N/ mgL-1 0.024 0.052 0.068 
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The DOC removal by the BAC from the untreated surface water followed a typical 
pattern (Korotta-Gamage et al. 2017c; Lohwacharin et al. 2011; Simpson 2008). 
During the initial period (1- 2 weeks) where physical adsorption is the predominant 
process, DOC removal by BAC was around 70% of the influent (Figure 3.3). Then 
the DOC removal declined markedly to around 40% during the first month indicating 
a gradual drop in the physical adsorption process. With the adsorption of DOC by the 
AC adsorption sites, bacteria became acclimated and biological degradation of DOC 
starts to operate. After about 7-8 week operation time, the DOC removal stabilized 
and reached the steady state at around 15% DOC removal.  
 
Figure 3.3: Long-term performance of BAC operated at 20 min EBCT with Nepean 
water as the feed water. 
At this stage, when the GAC adsorption sites become saturated with DOC, the 
concentration gradient between the bulk liquid phase and adsorbed solid is relatively 
low (Aktas et al. 2011). Therefore, in this phase (relative steady state) low driving 
force reduces the effectiveness of physical adsorption process of GAC. Possibly, as 
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raises the question, if physical adsorption is still at play or if the maximum DOC that 
could be removed by biological treatment is 15%.  
3.3.2 BDOC results from suspended bacteria based method 
Mean BDOC values of the Nepean, Wyong and Orchard Hills raw water were 0.62 
mg/L, 0.60 mg/L and 0.74 mg/L, respectively. After 28 days of incubation period, in 
Nepean, Wyong, and Orchard Hills water sample BDOC represents 15%, 13% and 
12% of the initial DOC, respectively. These BDOC values indicate that the removal 
(15%) observed in the BAC column over a long period (Figure 3.3) is the maximum 
one could achieve with any biological treatment. In the steady state period, biological 
degradation processes are increasingly important for DOC removal relative to the 
physical adsorption since the adsorption capacity of GAC is exhausted (Korotta-
Gamage et al. 2017c). Since, the removal efficiency of BAC obtained under steady 
state condition matches with the measured BDOC value. Therefore, water industry 
stops searching for improvement in the BAC process. 
3.3.3 Potential of BAC to biologically remove more organic carbon 
The BAC granules collected from a saturated BAC column (Test-1) removed a 
significant amount of DOC collected from Nepean and Wyong water treatment plant 
(Figure 3.4).  Concurrently, Orchard Hills water also showed a similar DOC removal 
profile (results not shown). Untreated raw water having DOC values 4.14 mg/L 
(Nepean water), 5.01 mg/L (Wyong water), and 6.16 mg/L (Orchard Hills) were used 
and removal efficiencies of 52, 50 and 43% were obtained by Test-1, i.e. by a 
combination of physical adsorption/desorption and biodegradation. The possibility of 
physical adsorption was further investigated in batch Test-2.  
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(a) 
 
(b) 
 
Figure 3.4: DOC removal profile of BAC from batch Test-1 and 2 (a) in Nepean 
water (b) in Wyong water. 
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According to Figure 3.4, 15% and 17% DOC removal were observed by heated BAC 
(by means of physical adsorption) in Nepean and Wyong water, respectively. In 
Orchard Hills water, it was approximately 14% DOC removal. It is evident that BAC 
removed a very low amount of DOC by the physical adsorption process as the AC 
adsorption sites were saturated with organic compounds. In this stage, biological 
degradation became a predominant process over physical adsorption for DOC 
removal, as stated previously (Figure 3.5). On the other hand, decrease in the DOC 
removal under the aseptic condition is mainly due to the loss of bacterial activity and 
thereby, it confirms the bacterial growth on the GAC. During the prolonged 
incubation, 37%, 33% and 29% DOC from Nepean, Wyong, and Orchard Hills water 
were biologically removed by BAC, respectively. When comparing the three 
reservoirs (Figure 3.5) Warragamba Dam, from which Orchard Hills draws water, 
has the highest capacity (2027 GL) compared to the Nepean Dam (67.7 GL) and 
Mardi Dam reservoir for Wyong water (7.4 GL). Lowest removed organic carbon in 
Orchard Hills water could be due to longest storage time (~2 years), as opposed to 
Wyong which has the lowest holding time (about a month). During the longest 
holding time, water could be expected to be biostablised well in the dam for Orchard 
Hills water. However, the presence of 29% biologically removable DOC in Orchard 
Hills water by BAC treatment and similar levels of BDOC as other samples 
interestingly indicate, only a smaller amount of BOM removed during the pro-longed 
storage period of Orchard Hills water in the dam (Warragamba).  
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Figure 3.5: Performance of prolonged biodegradation of BAC in batch Test-1 and 2 
after 25 days and its relation to reservoir capacity. 
In summary, the continuous operation of BAC at 20 minute EBCT removes 15% 
DOC. However, the prolonged incubation time similar to BDOC in batch mode has 
shown the biological treatment has the potential to remove more organic carbon than 
the measured BDOC. As physical adsorption is at play, the adsorbed organic matter 
on the surface of the BAC granules could impact on the results obtained by Test-1. 
Even the waters with the longest residence time in largest reservoir still contain 
substantial amount of biodegradable organic matter. 
3.3.4 Can the adsorbed organic matters impact on the determined potential of a 
biological treatment? 
To understand if the results obtained with the bioassay measure the full capacity of 
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out with Milli-Q water and the heated BAC granules fully saturated with organic 
matter of the same water source (Figure 3.2, Test-3). The desorption can occur when 
the adsorbed compounds are displaced by compounds with a higher adsorption 
affinity, or due to the concentration gradient in the adsorbent reverses and adsorbed 
compounds are released into solution by back-diffusion (Corwin et al. 2011). Figure 
3.6 shows the organic matter desorption profiles of BAC granules.  
 
Figure 3.6: Desorption of DOC from heat treated BAC (heated at 60o C for 60 min) 
in Milli-Q water (Test-3). 
The release of adsorbed dissolved organic matter occurs when DOC concentration 
falls below the equilibrium point of the surface DOC concentration of the BAC, 
hence, desorption was attributed to physical processes on BAC (Lohwacharin et al. 
2011). After 26 days, the desorption amount of DOC was 1.38 mg/L by the BAC 
acclimatized to the Nepean raw water having about 4.14 mg/L DOC. Similarly, 1.89 
mg/L DOC has desorbed after 31 days from the BAC acclimatized to the Orchard 
Hills water with 6.16 mg/L DOC. Thus, the desorption amount of dissolved organic 
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desorb more slowly from internal carbon pores due to longer diffusion distance. 
Further, pore-blocking fractions of larger molecules are expected to diffuse more 
slowly (To et al. 2008). Given enough time, the entire adsorbed organic compounds 
should theoretically desorbed however, the extended slow desorption phase suggest 
that the complete desorption of organic compounds are unlikely.  
The results (Test-3) showed desorption resulted in DOC level closer to that obtained 
at the end of incubation in the batch test (Test-1) indicating the adsorption/ 
desorption equilibrium played some role in determining the final DOC level. 
Therefore, it may be possible the DOC could be even further decreased by the BAC 
treatment. Further, these findings highlight that the impact of adsorbed organic 
matter on BAC could be either detrimental (displacing adsorbed compounds and 
determining the final DOC level) or beneficial if the desorbed compounds are 
biodegradable (Appendix C).  
3.3.5 Coagulability of biologically treated water 
The coagulation and flocculation followed by sedimentation and sand filtration is one 
of the major processes that are used in water treatment industry to remove DOC. It is 
assumed that the removal of DOC by coagulation mainly occurs by adsorption of 
larger molecular organic substances (hydrophobic) to the metal hydroxide flocs 
(Edwards 1997; Kastl et al. 2004). The non-sorbable fraction which represents 20-
50% of DOC is not amenable to coagulation at any pH or any practical coagulant 
dose (Kastl et al. 2004). Therefore, the coagulants are more effective in removing 
higher MW compounds rather than LMW, hydrophilic compounds. The batch Test-
1` and Test-4 (Figure 3.2) was performed to evaluate the behaviour of the 
coagulation in the BAC-treated water.  
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Figure 3.7: Comparison of DOC removal in Nepean water by EC and BAC treatment 
in Test-1. 
In batch Test-1, as illustrated in Figure 3.4, Nepean water DOC was reduced from 
4.14 mg/L to 1.97 mg/L after 26 days. As shown in Figure 3.7, when this water was 
subjected to the EC, the DOC reduced further to 1.12 mg/L with 15 mg-Fe3+/L 
coagulant dose. Further doses did not improve the results much. Similarly, when the 
BAC-treated Orchard Hills was subjected to EC, the DOC concentration was reduced 
from 3.51 mg/L to 2.38 mg/L with 15 mg-Fe3+/L coagulant dose. Interestingly, it 
implies that a significant portion of non-coagulable, i.e., most probably hydrophilic 
and LMW (Matilainen et al. 2010b; Volk et al. 2000) molecules are still left even 
after the pro-longed BAC-treatment process. It is possible that biodegradable and 
hydrophilic compounds are removed by microbes and organic matters that cannot be 
processed by the bacteria accumulate on the GAC surface. Thus, the non-
biodegradable molecules may desorb from the surface of the AC. Hence, the 
apparent removal of low molecular substances is low. This can be confirmed from 
Tests-3 and 5.   
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the DOC to 1.90 and 2.31 mg/L in Nepean and Orchard Hills water, respectively and 
no additional removal was obtained beyond this dose.  The amount of left over DOC 
was non-coagulable or mostly hydrophilic in nature. When the water with the 
minimum amount of coagulable DOC was subjected to prolonged biodegradation, 
the DOC initially increased - a sign of desorption from BAC granules - followed by a 
slower decrease of DOC to 1.62 mg/L within about 25 days in Nepean water and to 
1.96 mg/L in Orchard Hills water within 31 days (Figure 3.8). An apparent reduction 
of only 0.28 mg/L in Nepean and 0.40 mg/L in Orchard Hills water indicates a small 
amount of non-coagulable DOC is removed if coagulated water is subjected to a 
biological process.  
The resulting DOC (1.62 and 1.96 mg/L) is however, lower than that of Milli-Q 
water desorption test under aseptic condition (Test-3) implying that 
adsorption/desorption processes are at play. On the other hand, it should also be 
mentioned that the SMP arising from biodegradation and growth/death of microbes 
can also lead to a significant amount of hydrophobic DOC in the biologically treated 
water (Barker et al. 1999; Carlson et al. 2000). Therefore, the resulting DOC is 
deceptive in terms of effectiveness to solve problems of drinking water. Further 
experiments are needed to find the real benefit of a biological treatment by 
connecting with the disinfectant stability and disinfection by-products reduction. 
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Figure 3.8: Comparison of DOC removal in coagulated water by BAC granules 
(Test-5) with physical desorption in Milli-Q water (Test-3). 
The results (Figure 3.7) clearly showed that when the BAC-treated water was 
subjected to coagulation, more organic carbon could be removed even with less 
coagulant dose and LMW organics that cannot be removed by the coagulation are 
still present even after the pro-longed biodegradation process. On the other hand, 
when the coagulated water having the DOC level around the equilibrium point is 
subjected to BAC treatment (Figure 3.8), desorption process could have affected the 
performance of biological treatment. It is therefore, possible more DOC than actually 
measured by the method were biodegraded but could not be measured. However, at 
the end of incubation period (46-49 days) of batch Test-5, DOC level of the water 
dropped below the desorbed amount of DOC (Figure 3.8) possibly more 
biodegradable compounds starts to diffuse from the BAC.  
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3.4. Conclusion 
In this study, a set of batch tests were performed to identify the potential of BAC to 
remove more organic carbon than the measured BDOC. Three tested surface waters 
had BDOC (Servais et al. suspended bacteria based procedure) around 12-15% of the 
DOC. The results matched with the long-term performance of a BAC operated at 20 
minute EBCT at a relative steady state period where the main removal process 
shifted from physical adsorption to biodegradation.  
Incubation of three surface raw waters with the BAC granules acclimated to the same 
surface water removed 43 to 52% of DOC, out of which physical adsorption 
accounted for 15-17% of DOC.  
Highest percentage of DOC removal by BAC granules was observed in the surface 
water taken from the reservoir having the shortest holding time, but the percentage 
removed by biological means are only marginally different among waters collected 
from different raw water sources.  
Physical desorption of organic matter on saturated BAC granules with Milli-Q water 
under an aseptic condition reached equilibrium within the first five days of 
incubation. Desorption consists of fast initial phase and an extended slow phase, 
possibly desorption might initially occur from surface pores then desorb more slowly 
from internal carbon pores. 
Higher the DOC concentration of the raw water, higher was the equilibrium point of 
desorption and higher was the end point of BAC test with test water. Hence, it is 
possible the measured amount of biologically treatable DOC measured by BAC 
batch test could be even higher than the determined levels. These results imply an 
excellent potential to remove NOM by BAC granules if proper modification with 
attached medium is implemented to exploit existing mechanisms. 
 Coagulation after biological treatment removes more DOC than the reverse order. 
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Chapter 4 
 
Potential of BAC to Improve 
Chlorine Stability from 
Biodegradation in Surface Waters 
 
4.1. Introduction 
The relevance of NOM to water treatment plant designers and operators are 
significant since it can negatively affect on water quality by colour, taste, odour 
problems and act as a substrate to microbial growth. The NOM also act as a 
precursor for the formation of carcinogenic DBP in disinfected (with chlorine, 
chloramine, chlorine dioxide and ozone) drinking water that has been shown to pose 
a risk to human health (Chang et al. 2001; Lou et al. 2010; Richardson 2011). 
Moreover, due to the impact of climatic changes, NOM concentration in natural 
water resources is increasing globally and this highly affects the water quality and 
the removal of particles and pathogens from water treatment process by increasing 
the coagulant and disinfectant demand (Eikebrokk et al. 2004; Korth et al. 2004; 
Ritson et al. 2014).  
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To provide water that is safe from disease causing pathogenic organisms treated 
water is disinfected using a powerful oxidizing agent such as chlorine, chlorine 
dioxide, chloramine or ozone and delivered through water distribution systems. 
Many water supply systems use chlorine as the primary disinfectant due to low cost, 
high disinfectant efficiency and ease of use to achieve microbiological safety of 
drinking water. However, the disinfectants also react with residual NOM to form 
potentially hazardous DBPs (Lou et al. 2010). Concurrently, the residual dissolved 
organic matters present after the treatment cause the decay of disinfectants and 
deteriorates the quality of the water within the distribution systems (Clark et al. 
2002; Drikas et al. 2003; van Leeuwen et al. 2005). In addition, the consumption of 
chlorine is caused by the reaction between chlorine and biofilms attached to the 
distribution system pipe walls (Fisher et al. 2017), by the reaction with pipe wall 
material itself (Kiéné et al. 1998; Rossman 2006; Zhang et al. 1992), corrosion 
process (Digiano et al. 2005; Kiéné et al. 1998) and inorganic substances such as iron 
(ferrous ion), manganese, sulfide, bromide and ammonia that are more reactive with 
chlorine (Vasconcelos et al. 1997). These reactions cause a rapid decrease in the 
residual chlorine concentration in the water distribution system with the increasing 
residence time (Haas et al. 2002). Eventually, this leads to regrowth of 
microorganisms in the water distribution system.  Therefore, it is essential to 
improve the chlorine stability by enhancing the treatment process to remove DOC so 
that the potential for waterborne disease and biofilm growth will be minimized. At 
the same time, the formation of carcinogenic DBP can be minimized by maximising 
the treatment process for the removal of DOC which is precursors for the DBP. 
The NOM is a complex mixture of organic compounds and has a wide variety of 
chemical compositions and molecular sizes. Generally, more hydrophobic, high MW 
organic matters (HS) are easily removed by the conventional water treatment 
process, coagulation, flocculation followed by filtration (Korshin et al. 2009; 
Matilainen et al. 2005). However, the biodegradable fraction of NOM which is 
mainly composed of hydrophilic, LMW organic compounds (Hem et al. 2001) is not 
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affected by the coagulation process (Korshin et al. 2009; Volk et al. 2000; Volk 
2001).  This LMW, BOM were found to contribute significantly in the formation of 
DBPs and the level of disinfectant demand (Chang et al. 2001; Hua et al. 2007). 
Bromide (Br-) and iodide (I-) present in the water can be oxidized to hypobromous 
acid (HOBr-/OBr-) and hypoiodous acid (HOI) by chlorine and chloramines (Liu et 
al. 2017c; Zhai et al. 2014; Zhu et al. 2016). The hydrophilic LMW fraction of NOM 
is more reactive with those HOBr-/OBr- and HOI forms brominated and iodinated 
DBPs (Hua et al. 2007; Zhai et al. 2014). These brominated and iodinated DBPs are 
generally more cytotoxic and genotoxic than their chlorinated analogues (Liu et al. 
2014; Yang et al. 2013). Further, the BOM which is not removed during the water 
treatment process promotes the bacterial re-growth in distribution system thereby, 
deteriorates the water quality and potentially increase the health issues (Escobar et al. 
2001). Therefore, the removal of BOM is essential in order to improve the chlorine 
stability and to minimize the formation of carcinogenic DBPs. On the other hand, 
increase in the hydrophilic NOM was observed in the world water sources (Fabris et 
al. 2008), thus, evaluating the potential of water treatment processes to remove BOM 
is increasingly important. 
In the coagulation which is the most common conventional drinking water treatment 
process, a larger dose of coagulant is required to produce water having higher 
chlorine stability (Kastl et al. 2017) however, BOMs are not affected during the 
process (Volk et al. 2000). The coagulation of synthetic water having 7.8 mg/L DOC 
with 80 mg/L ferric sulphate at pH 5-6 produced water having 4.8 mgCl-equivalent/L 
of chlorine reactive compounds and with 55 mg/L ferric sulphate, the chlorine 
reactive compound concentration was 9.48 mgCl-equivalent/L (Kastl et al. 2017).   
More chlorine stability was observed when the coagulation was combined with pre-
oxidation process; water treated by a pre-oxidation with 2 mg/L ozone followed by 
coagulation with 45 mg/L ferric sulphate produced water with 3.79 mg/L of chlorine 
reactive compounds (Kastl et al. 2017). Further, Jegatheesan et al. (2009) observed 
that the chlorine demand due to the chlorine reactive substances was not reduced 
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significantly by the sand (3.18 mg/L) and GAC filters (2.87 mg/L) after pre-
ozonation followed by coagulation treatment and had small reaction rate constants – 
implying the chlorine can be transported further. The high oxidation rate of ozone 
tend to oxidize bromide (Br-) in water to bromate (BrO3-) which is a health concern 
(Kastl et al. 2016). Therefore, with the inherent difficulty to remove bromide from 
water, formation of bromate needs to be considered when utilizing ozone process.  
When the effluent water from microfiltration, nanofiltration, and RO were analysed 
for chlorine demand it was found that the chlorine reactive compounds were further 
reduced to 1.77, 1.17 and 0.76 mgCl-equivalent/L, respectively but the observed 
reaction rate constants were larger compared to the sand and GAC filter effluents 
(Jegatheesan et al. 2009). Thus, if the DBP formed due to the interactions between 
chlorine and slow reacting organic substances, DBP formation potential in the 
effluents from membrane filtrations could be higher than that in the effluents from 
granular media filters (Jegatheesan et al. 2009) moreover, membranes were more 
expensive treatment process. In addition, MIEX process alone found to remove more 
chlorine reactive compounds which were not removed by conventional coagulation 
process however, higher resin doses or longer contact times are required for the 
removal of those compounds (Drikas et al. 2003).  
Thus, the previous investigations highlight that the individual or combination of 
different treatment methods were not sufficiently reduce DOC/ or alter the 
characteristic of DBP precursors to impact the reaction with chlorine and they have 
not specifically identified the gap in enhancing the chlorine stability. As mentioned 
previously, BOMs are the fraction of DOC more closely related to biological 
stability, reduction in chlorine demand or DBP formation potential however, not 
amenable for the coagulation. Therefore, integrating BAC with coagulation process 
may offer promising alternative mainly, because it allows for the removal of BOMs.  
In the present study, BAC process which has advantages of low cost and higher 
performance than the AC treatment was employed to understand its potential to 
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achieve desirable chlorine stability. GAC has high adsorptive capacity due to its high 
surface to volume ratio, however, over time adsorption sites become saturated with 
organic compounds and loses its initial effectiveness (Gauden et al. 2006). Microbial 
colonization on the GAC which is referred as BAC extends the lifetime of GAC via 
biodegrading a significant fraction of previously adsorbed dissolved organic matters, 
waterborne nutrients and other contaminants in GAC pores (Dussert et al. 1994; 
Seredyńska-Sobecka et al. 2006; Simpson 2008).  
The BAC is capable of processing the organic matters by two parallel processes; 
biodegradation and adsorption on AC (Dussert et al. 1994; Lohwacharin et al. 2011). 
Therefore, BAC process can effectively remove the BOMs usually measured as the 
BDOC which are not affected by the conventional coagulation process (Hijnen et al. 
2014; Zhang et al. 2010b). Concurrently, LMW fraction of NOM (adsorbable by 
GAC and BDOC) which is in the range of 3-1 kDa and <0.5 kDa (Zhang et al. 
2010b) and more hydrophilic compounds such as DBP precursors of N-
nitrosodimethylamine (NDMA)  (Asami et al. 2009) can be effectively removed by 
BAC process. The removal of the BDOC eventually reduces the microbial regrowth 
in the water distribution systems (Hijnen et al. 2014; LeChevallier et al. 1992). In 
addition, BAC biofilm can biodegrade some algal toxins, inorganics (i.e. ammonia), 
synthetic organic compounds, trace and odour causing compounds and many trace 
level organic contaminants (i.e. pharmaceuticals and personal care products) and 
some heavy metals (iron and manganese) (Dussert et al. 1994; Justo et al. 2015; 
Newcombe 2002; Voice et al. 1992; Xing et al. 2017).  Thus, the BAC offers more 
benefits other than the BOM removal, can overcome the limitations of the 
conventional water treatment process and economically feasible method.  
This study was conducted to evaluate the potential of BAC and BAC combination 
with coagulation in improving the chlorine stability of surface water. The test was 
performed as a batch test and BAC granules that are in the steady state condition of 
DOC removal and fully acclimatized to the source water were used as a support 
medium. Then the chlorine was dosed and chlorine decay profiles were measured for 
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the samples collected at different incubation times during a prolonged biodegradation 
process. Further, organic matter characteristics and bacterial community composition 
were investigated to understand the inter-correlation among those parameters and 
BDOC removal with the chlorine decay to identify potential of BAC to develop as a 
treatment strategy to stabilise the chlorine.  
4.2. Materials and Methods 
4.2.1 Source water 
Untreated surface water for this study was collected from a filtration plant at Orchard 
Hills, NSW, Australia. Warragamba Dam (one of the largest domestic water supply 
dams in the world) located 65 kilometres west from Sydney, NSW has a holding 
capacity of 2027 GL and this feeds the raw water to the Orchard Hills water filtration 
plant. Treatment plant uses direct filtration after the flocculation step. The untreated 
water samples taken after the pre-chlorination is called raw water in this study. 
4.2.2 BAC reactor setup and operation 
Laboratory scale BAC column was operated as a continuous up-flow reactor (Figure 
4.1). The inner diameter of the column was 5 cm. The GAC used in this experiment 
was commercially available untreated activated charcoal obtained from Sigma-
Aldrich, USA (Table 3.1) made from peat bog with a particle size of 2.4- 4.6 mm. 
The GAC was washed with tap water for several times to remove ash and other 
impurities before use. The column with a bed depth of 5 cm (150 cm3 of GAC) was 
connected to a peristaltic pump with a variable speed to pump the collected Orchard 
Hills raw water at a flow rate of 7.5 mL/min-1 and operated at 20 minutes EBCT. The 
treated water was collected from a port placed at the top of the column. The 
backwash was carried out weekly to avoid the clogging of the BAC filter. 
92 
 
Chapter 4                                                          Potential of BAC to improve chlorine stability 
 
                  
Figure 4.1: BAC reactor setup. 
The long-term performance of BAC column was continually monitored by 
measuring DOC removal. After continuous operation (>12 month), DOC removal 
reached steady state where the physical adsorption capacity of GAC is deemed 
exhausted and biodegradation process becomes increasingly important relative to the 
physical adsorption process (Korotta-Gamage et al. 2017c). The BAC granules for 
the batch test were taken at this stage of the operation.    
4.2.3 Analytical measurements 
The DOC concentration was measured using total organic carbon (TOC) analyser 
connected to an auto-sampler (SHIMADZU TOC-LCPH/ CPN SSM-5000A). The 
samples were first filtered through pre-washed (with Milli-Q water) 0.45 µm pore 
size filter media made from mixed esters of cellulose (Merck Millipore, Australia, # 
HAWG047S6) prior to measuring DOC. Calibration of TOC instrument was carried 
out using potassium hydrogen phthalate and sodium hydrogen carbonate standards 
(1-20 mg/L). The minimum detection limit of the instrument is 4 µg-C/L. 
A chlorine stock solution of 2500 mg/L was prepared diluting a 10% sodium 
hypochlorite solution in Milli-Q pure water. About 200 ml of water samples (at pH 
BAC column 
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7.5) and a Milli-Q blank sample were dosed with chlorine stock solution to give 4-3 
mg/L chlorine concentration. The Milli-Q blank sample was used to estimate the 
accurate initial chlorine concentration. Residual free chlorine concentration was 
measured periodically at 25o C and pH 7.5 using HACH DR 1900 spectrophotometer 
with the DPD colorimetric method over 7 days. The experimental error of the 
chlorine measurement was ±0.03 mg/L.  
4.2.4 Enhanced coagulation  
Ferric chloride (FeCl3, analytical grade, 98% assay) was used as the coagulant and 
coagulation was carried out at pH 5.5. The pH 5.5 was adopted as Kastl et al. (2004) 
found the removal of organic matters at this pH is maximum for ferric coagulant. For 
the coagulation test, coagulant (ferric chloride) was applied as Ferric at various doses 
(5 mg/L to 100 mg/L) at pH 5.5. The coagulation was carried out using jar test 
apparatus with standard procedure as follows; rapid mixing at 200 rpm upon addition 
of coagulant for 2 minutes, 20 minutes slow mixing at 20 rpm and 30 minutes 
settling time prior to filtration. During the slow mixing pH of the samples were 
adjusted to 5.5 using 1 M sodium hydroxide and 1 M sulphuric acid. 
4.2.5 Size exclusion chromatography 
Size exclusion chromatographic (SEC) separation of NOM was performed with LC-
OCD system. The system was a model 8 LC-OCD technique based on Gräntzel thin 
film reactor developed by DOC-Labor, Dr. Huber, Karlsruhe/Germany and the 
chromatographic column was a Toyopearls HW-50S weak cation exchange column 
by Tosoh Bioscience, Tokyo/Japan. The first detector after chromatographic 
separation is the fixed wavelength UV detection (UVD 254 nm) thereafter the 
organic carbon detector (OCD) and organic nitrogen detector (OND). The SEC 
fractionation was based on the molecular size; smaller molecules being retained for 
longer in the column due to diffusion into smaller pores and elute after larger 
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molecules (Huber et al. 2011) and quantification was carried out using three inline 
detectors OCD, UV detector (UVD) and OND. 
Samples were filtered using 0.45 µm pore size filter (Merck Millipore, Australia, # 
HAWG047S6, mixed esters of cellulose) before the LC-OCD analysis and aliquots 
(1000 µL) of samples were injected via auto-sampler. A phosphate buffer (28 mmol, 
pH 6.6) was used as the mobile phase and samples eluted at a flow rate of 1.1 
mL/min. The UVD, OCD and OND calibration was based on potassium hydrogen 
phthalate and potassium nitrate. The chromatograms obtained were interpreted by 
integration of the area under each chromatogram using ChromCALC and DOC-
Labour software programs. The detection limit of the LC-OCD system was 10 µg/L 
(measurement range: 1-5 mg-C/L). 
4.2.6 Microbial community analysis 
4.2.6.1 Sampling 
Biofilms were collected from the BAC granules (at steady state period of DOC 
removal) that had been used for the batch test experiment. About 15 cm3 of BAC 
granules were placed in a sterile plastic tube containing 40 mL filter sterilised 
Orchard Hills raw water (filtered through 0.22 µm membrane filter paper (Filter-
Bio® MCE membrane filter Cat No. FBM047MCE022)). The samples were placed in 
an ultrasonic bath and sonicated for 4-5 minutes to detach and disperse the bacterial 
cells. After allowing them to settle, the supernatant was collected to a sterilised 
plastic tube. To ensure complete recovery of biomass, this sonication step was 
carried out twice (total sonication do not exceed 15 minutes) and collected about 40 
mL of supernatant with suspended bacterial cells. The supernatant was filtered 
through 0.22 µm filter paper (Filter-Bio® MCE membrane filter Cat No. 
FBM047MCE022) to collect the biomass onto the filter paper. The filter paper with 
concentrated biomass was placed in a sterilised vial and kept in cold (< -30o C) until 
analysis.  
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4.2.6.2 DNA extraction from BAC granules 
DNA was separately extracted from each sample (concentrated biomass collected to 
filter paper) by using DNeasy® PowerSoil® Kit (50) (Cat No. 12888-50 QIAGEN 
GmbH, 40724 Hilden, Germany) following the manufacturer’s instructions. The 
samples were kept in a freezer (< -30o C) until further analysis. 
It is important to estimate the purity of the DNA samples before sequencing. The 
purity of DNA preparation was determined by measuring the ratio of absorbance at 
260 nm and 280 nm (A260/ A280) using Thermo Scientific NanoDrop™ 2000/2000c 
spectrophotometer. A small aliquot (1 µL) of DNA sample was used to measure the 
purity of the DNA samples. Pure DNA preparations have an A260/A280 ratio of 
greater than or equal to 1.8.    
4.2.6.3 Bacterial community analysis using 454 sequencing 
16S ribosomal ribonucleic acid (rRNA) gene were amplified from 1 ng sample of 
extracted DNA using V4/5 primers (515F: GTGCCAGCMGCCGCGGTAA and 
806R: GGACTACHVGGGTWTCTAAT). Specifically, mixture of gene-specific 
primers and gene-specific primers tagged with Ion Torrent-specific sequencing 
adaptors and barcodes were used for the amplification process. The tagged and 
untagged primers were mixed at a ratio of 90:10 and the amplification of all the 
samples was achieved with 18–20 cycles, minimising primer-dimer formation. The 
amplification was confirmed by agarose gel electrophoresis, and polymerase chain 
reaction (PCR) product was quantified using fluorometry. Then, up to 100 amplicons 
were diluted to equal concentrations and adjusted to a final concentration of 60 pM. 
Templated Ion Sphere Particles (ISP) were then generated and loaded onto 
sequencing chips using an Ion Chef (Thermofisher Scientific) and samples were 
sequenced on a PGM semiconductor sequencer (Thermofisher Scientific) for 650 
cycles using a 400 bp sequencing kit typically yielding a modal read length of 309 
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bp. Data collection and read trimming/filtering was performed using TorrentSuite 
5.0. 
4.2.6.4 Post sequencing process 
Post sequencing process of data was carried out using Quantitative Insights into 
Microbial Ecology (QIIME) (Caporaso et al. 2010b) software package 
(http://www.qiime.org). Maximum sequence length was set at 600 and fast, qual and 
mapping files were used as input for split_libraries.py script with default arguments 
to extract sequences relevant to this study. Then all sequences were grouped into 
operational taxonomic units (OTUs) using pick_otus.py script in QIIME using 
USEARCH method (Edgar 2010). The OTUs were defined at 97% sequence 
similarity and minimum cluster size was 1. Then using the PyNAST default method 
a representative sequence from each OUT was selected and aligned against 
Greengenes imputed core reference alignment using align_seqs.py script (Caporaso 
et al. 2010a). The gaps of the aligned sequence were removed using script 
filter_alignment.py. With default settings- Fast Tree phylogenetic tree and 
Ribosomal Database Project classifier and Greengenes OTUs data set- taxonomy 
assignment were constructed using the script make_phylogeny.py and script 
assign_taxonomy.py, respectively.  
To analyse different aspects of microbial community following were derived using 
alpha_rarefaction. py script, assess the bacterial coverage- rarefaction curve, estimate 
species richness- Chao 1, phylogenetic coverage of OUT- phylogenetic diversity 
(PD), bacterial diversity- Shannon index and statistically estimate similarities 
between clone libraries-  Jaccard index. 
4.2.7 Chlorine decay model 
In this study two-reactant model (2R) comprises two notional groups of compounds; 
slow and fast reactants were used (Fisher et al. 2011, 2014; Kastl et al. 1999). Kastl 
et al. (1999) simplified the general second order reaction rate by using fast and slow 
97 
 
Chapter 4                                                          Potential of BAC to improve chlorine stability 
 
reacting agents and the  second order reaction rates and resulting chlorine decay rate 
are given by:  
𝑑𝑑𝑑𝑑𝐹𝐹
𝑑𝑑𝑑𝑑
=  −𝑘𝑘𝐹𝐹 × 𝑑𝑑𝐶𝐶𝐶𝐶 × 𝑑𝑑𝐹𝐹 (4.1) 
𝑑𝑑𝑑𝑑𝑆𝑆
𝑑𝑑𝑑𝑑
=  −𝑘𝑘𝑆𝑆 × 𝑑𝑑𝐶𝐶𝐶𝐶 × 𝑑𝑑𝑆𝑆 (4.2) 
𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑
=  𝑑𝑑𝑑𝑑𝐹𝐹
𝑑𝑑𝑑𝑑
+  𝑑𝑑𝑑𝑑𝑆𝑆
𝑑𝑑𝑑𝑑
 (4.3) 
where cF and cS are the concentrations of fast and slow reacting agents respectively, 
and kF and kS are the second order decay coefficients for the fast and slow reactions. 
The reactant concentrations are defined in terms of the amount of chlorine they react 
with i.e. mgCl-equivalent/L hence, this assumed one molecule of chlorine reacts with 
one molecule of chlorine-equivalent reactant (Fisher et al. 2011). For the model 
calibration purpose, decay tests were conducted at a constant temperature (25o C). 
The two-reactant model has four parameters, initial chlorine concentration of fast and 
slow reactants (coF and coS) and their respective decay coefficients (kF and kS) and 
they were estimated from decay test data using AQUASIM software (Reichert 1994; 
Reichert 1998). The AQUASIM package was used to derive optimal parameter 
values fit of the model output to the experimental data. In this study, average of the 
coefficients kF and kS was used to calculate the initial concentrations of fast reacting 
agents (FRA-coF) and slow reacting agents (SRA-coS). 
4.2.8 Experimental setup 
The experiment was undertaken in four different batch tests as presented in Figure 
4.2. Batch Test-1a and 2 were aimed to investigate the capability of biodegradation 
process of BAC to enhance the chlorine stability while the Batch Test-1b and 3 
performed to identify the combined effect of BAC and coagulation process on the 
chlorine stability performances. 
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Figure 4.2: Batch test setup to investigate the potential of BAC to improve chlorine 
stability (all tests were carried out at room temperature). 
4.2.8.1 Chlorine stability by adsorption and biodegradation 
Batch test-1a was performed to evaluate the effect of BAC treatment on chlorine 
stability. About 70 cm3 (calculated based on packed volume) of BAC granules were 
added to 4000 mL of raw water taken from Orchard Hills filtration plant. The DOC 
removal was measured with time at room temperature and water samples were 
collected at different DOC removal intervals for the chlorine measurements and LC-
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OCD analysis. The water samples collected for chlorine measurement were dosed 
with chlorine stock solution to give 4.95 mg/L initial chlorine concentration and 
residual chlorine concentrations were measured at 25o C and pH 7.5 in different time 
intervals over a 7 days period. The chlorine decay data was used to derive the 
chlorine decay model using AQUASIM software. Further, biofilm was collected 
from BAC granules at different DOC removal interval for the microbial community 
analysis. 
Batch Test-2 (Figure 4.2) was carried out to evaluate the effect of physical 
adsorption process occurred on BAC granules which are in the relative steady-state 
period of DOC removal on the chlorine demand. About 10 cm3 (calculated based on 
packed volume) of BAC granules were heated at 60o C for 60 minutes to kill the 
microorganisms while ensuring the structure of organics are not modified (van der 
Kooij 1992). About 500 mL of Orchard Hills raw water sample was filtered through 
0.22 µm membrane filter (Filter-Bio® MCE membrane filter Cat No. 
FBM047MCE022) to remove any particles, protozoa and bacteria present in the 
water. Then the heated BAC granules were placed in the 500 mL of filter-sterilized 
raw water sample. The DOC was recorded with time which was defined as DOC 
removal by physical adsorption process of BAC. After prolonged adsorption process, 
200 mL of sample was collected for the chlorine measurements and analysed the 
organic matter characteristics by LC-OCD.   
4.2.8.2 Effect of BAC in combination with coagulation on chlorine stability 
Effect of coagulation after BAC treatment on the chlorine decay performances was 
tested in Batch Test-1b. The BAC treated water taken at the end of the Batch Test-1a 
was subjected to coagulation with 10 and 15 mg-Fe3+/L coagulant dose at pH 5.5 and 
after dosing 4.95 mg/L of initial chlorine concentration, the residual chlorine 
concentration was measured at 25o C and pH 7.5 in the treated water with time. 
Further, the DOC concentration and organic matter characteristics by LC-OCD were 
analysed in the samples. 
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Concurrently, the Batch Test-3 was conducted to understand the chlorine stability in 
the water treated by coagulation followed by pro-longed BAC treatment. Initially, 
Orchard Hills raw water was treated with pre-determined coagulant dose which 
removed most of the DOC and was filtered through 0.45 µm filter (Merck Millipore, 
Australia, # HAWG047S6) paper to remove all the flocs. The pH of the coagulated 
water was readjusted back to the original source water to ensure the conditions are 
favourable for the microorganisms in the BAC granules. Then 25 cm3 of BAC 
granules were added to 1500 mL of coagulated water and recorded the DOC levels 
with time. At the end of Batch Test-3 (after prolonged BAC treatment), 4.95 mg/L of 
chlorine was dosed to 200 mL of the treated water sample and measured the residual 
chlorine concentration with time. Further, organic matter characteristics of the 
treated water by coagulation/BAC at the end was analysed using LC-OCD.  
All the chlorine decay data was used as input data for AQUASIM software to 
estimate parameters of the two reactant chlorine decay model.  
4.3. Results and Discussion  
4.3.1 Organic carbon removal by BAC treatment 
The long-term performance of BAC was observed using the Orchard Hills raw water. 
As reported in Chapter 3 section 3.3.1, three-stage process of DOC removal was 
observed during the operation. The BAC granules for the batch Test-1 (Figure 4.2) 
were collected from a saturated BAC column which is in the relative steady state 
with a measured DOC removal of 15%. This was attributed to the growth of the 
biofilm on the surface and in the pores of AC so that the biodegradation became 
increasingly important for organic matter removal while the blockage or saturation of 
carbon pores with adsorbed organic matters limited the physical adsorption capacity 
of AC. The DOC concentration of the untreated Orchard Hills surface water was 5.41 
mg/L, this was reduced significantly from BAC as shown in Figure 4.3. During the 
prolonged incubation in the batch Test-1a source water, DOC was reduced to 2.87 
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mg/L accounting for a 47% DOC removal efficiency by a combination of physical 
adsorption/desorption and biodegradation (Figure 4.3). 
 
Figure 4.3: DOC removal profile of BAC from Test-1a in Orchard Hills raw water. 
The batch Test-2 was performed to investigate the possibility of DOC removal by 
physical adsorption. As shown in Figure 4.3, 19% DOC removal was observed by 
the heated BAC from Orchard Hills raw water. This can be explained by the loss of 
bacterial activity under aseptic conditions resulting in greatly decreased DOC 
removal than the biodegradation process. It is evident that when the AC adsorption 
sites became saturated with DOC, BAC removed a very low amount of DOC by the 
physical adsorption process, hence at this stage of BAC operation, the biodegradation 
process is relatively attributable for DOC removal. 
One of the constraints of this experiment is the impact of background dissolved 
organic matters and adsorbed compounds on the BAC or adsorption/desorption 
equilibrium. During the biodegradation process, the bacteria in the BAC bed have to 
degrade organic matters in the influent and that on the BAC granules. With the time, 
when the DOC concentration in the raw water (batch Test-1) falls below the 
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equilibrium point of the adsorbed organic matter concentration on the surface of the 
BAC, adsorbate desorbs due to the concentration gradient reversal (discussed in 
Chapter 3, (Korotta-Gamage et al. 2017b)). Therefore, adsorption/desorption played 
a key role in defining the final DOC level of the BAC treated water. 
The prolonged BAC treatment in batch Test-1a led to 28% DOC removal by the 
biological processes from Orchard Hills surface water. Moreover, Warragamba Dam 
where Orchard Hills filtration plant draws water has a capacity of 2027 GL and 
longer holding time about 2 years. The longer holding time in the reservoir may have 
led to biostabilisation of the Orchard Hills raw water however, 28% removal of 
biodegradable organic matters by the microbial processes of the BAC (batch Test-1a) 
indicate only a small portion of BOMs were removed during the prolonged storage 
period of Orchard Hills water in the Warragamba Dam. 
4.3.2 Potential of BAC to improve the chlorine stability  
In particular, BDOC has been considered as an indicator that is directly related to 
bacterial regrowth in water distribution systems. Therefore, an alternative way to 
control bacterial growth in distribution systems could be the limitation of BDOC.  
After reducing the BOM concentration by the BAC treatment it is necessary to 
understand how well they perform in reducing the chlorine demand of the treated 
water.  
Effective chlorine disinfection depends on correct combination of pH, chlorine 
concentration, contact time as well as concentration of ammonia and suspended 
solids. The presence of chlorine demanding substances (i.e. ammonia) will act to 
decrease the efficiency of chlorination. Orchard Hills raw water contained 
insufficiently low concentration of ammonia (0.052 mg-N/L), iron (<0.03 mg/L) and 
suspended solids level therefore, it is assumed that the chlorine decay was mainly 
due to the reaction with organic matters.    
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 (a) 
 
(b) 
 
Figure 4.4: Chlorine decay profiles of the BAC treated water (a) chlorine decay 
profiles over a 168-hour period in BAC treated water (batch Test-1a and 2) collected 
at different DOC removal efficiencies (b) 72 hour chlorine demand with DOC in the 
BAC treated water from batch Test-1a.  
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Figure 4.4 presents the chlorine decay profiles of samples collected along prolonged 
BAC treatment of (batch Test-1a) Orchard Hills water. As can be seen in the Figure 
4.4 (a), untreated raw water has the highest chlorine decay rate and the residual 
chlorine stability in the BAC treated water increased gradually with the increasing 
DOC removal (Figure 4.4 (b)). The amount of residual chlorine concentration 
remained after 168 hours at 12%, 22%, 31% and 46% total DOC removal by BAC 
were 15%, 28%, 36% and 56%, respectively of the initial chlorine dose. The role of 
microbial activity in BAC granules in removing biodegradable compounds (i.e. 
BDOC) having high chlorine demand possibly stabilizes the chlorine level markedly 
in the treated water.  
On the other hand, heated BAC treatment at aseptic conditions (batch Test-2) had a 
residual chlorine concentration of 41% of the initial dose after 168 hours for a 19% 
DOC removal (by means of physical adsorption) achieved after 58 days of 
incubation.  
Figure 4.4 (b) shows the comparison of 72 hour chlorine demand and DOC removal 
indicating whether the treatment was able to remove the compounds that are more 
responsible for chlorine reactivity. According to the results, the role of microbial 
activity in BAC granules on removing biodegradable compounds (BDOC) having 
high chlorine demand stabilizes the chlorine level markedly in the treated water. 
Concurrently, removal of adsorbable organic compounds (batch Test-2) also seems 
to increase the chlorine stability in the treated water. 
4.3.3 Potential of improving chlorine stability by BAC in combination with 
coagulation 
Coagulation is an important process in water treatment considering its ability to 
remove particles and NOM. However, higher MW (≥ 1 kDa) organic substances 
were mainly (about 95%) removed by the coagulation process (Matilainen et al. 
2005) and the non-sorbable fraction of DOC (20-50%) is not absorbable at any pH or 
any practical coagulant dose (Kastl et al. 2004). Therefore, increasing coagulant dose 
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does not contribute to the removal of non-sorbable fraction of DOC, but is associated 
with higher sludge production (Kastl et al. 2004). The combination of BAC with 
coagulation process impacts on the removal of this non-sorbable fraction of DOC 
(Aryal et al. 2012) thereby,  might affect the chlorine stability and formation of 
DBPs. The batch Test-1b and 3 (Figure 4.2) were performed to evaluate the potential 
improvement of chlorine stability by the combined process of BAC and coagulation.   
To evaluate the combined effect of BAC treatment followed by coagulation, samples 
collected from batch Test-1a at two different incubation times were subjected to 
coagulation. The results obtained at pH 5.5 with two different coagulant doses are 
presented in Figure 4.5. The Orchard Hills raw water having DOC value of 5.41 
mg/L was reduced to 3.71 mg/L (31% DOC removal) and 2.91 mg/L (46% DOC 
removal) after 24 days and 52 days of prolonged incubation, respectively (Figure 
4.3). When the BAC treated sample, collected after 24 days, was subjected to 
coagulation, DOC reduced further by 31% to 2.55 mg/L and for the sample collected 
after 52 days, DOC reduced by 20% to 2.48 mg/L with 15 mg-Fe3+/L coagulant dose 
(Figure 4.5). These results indicate the effectiveness of BAC/coagulation 
combination in terms of DOC removal, probably due to the conversion of non-
coagulable organic matters into coagulable form by the microbial activities or BAC 
absorbing a certain portion of organic matters otherwise cannot be removed by the 
coagulation. 
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Figure 4.5: Comparison of DOC removal in Orchard Hills raw water by the 
combination of BAC and coagulation treatment (Test-1b and 3a,b). 
As illustrated in Figure 4.5, BAC/EC enhanced the removal of DOC which could in 
turn, reduce the chlorine demand of the treated water. Hence, the chlorine demand 
was compared to understand the potential of chlorine stability improvement by the 
combination of BAC and coagulation (Figure 4.6). Incorporation of coagulation after 
the BAC treatment resulted in further reduction in chlorine demand. The remained 
residual chlorine concentration of the BAC treated water collected on day 24 (31% 
DOC removal) and 52 (56% DOC removal) from the batch Test-1a were 36% and 
56%, respectively after 168 hours as a result of more BDOC (LMW, hydrophilic) 
removal. As can be seen in Figure 4.6, the chlorine demand was further reduced after 
the coagulation of BAC treated water.  For the BAC treated samples collected on day 
24 and 52, residual chlorine concentration remained after 168 hours after 
BAC/coagulation were 50% and 60%, respectively of the initial chlorine dose with 
15 mg-Fe3+/L coagulant dose. These results indicate that the higher reduction in 
chlorine demand by the coagulation after biological treatment is possibly due to the 
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conversion of non-coagulable chlorine reactive compounds into the coagulable form 
of DOC by the bacterial activity in the BAC bed. 
 
Figure 4.6: Comparison of 72 hour chlorine demand with DOC in treated water by 
the combination of BAC and coagulation treatments. 
The coagulation followed by BAC combination was investigated in the batch Test-3a 
(Figure 4.2). The Orchard Hills raw water DOC concentration was declined to 2.23 
mg/L with a coagulant dose of 50 mg-Fe3+/L and no additional DOC removal was 
obtained beyond this dose, indicating this dose as the minimum required dose to 
remove the coagulable fraction of organic matters. When this water having non-
coagulable fraction of organic matters (mostly hydrophilic) was subjected to 
prolonged BAC treatment (52 days) DOC was reduced only by 6% to 2.09 mg/L. 
This indicates that BAC can remove non-coagulable DOC by the adsorption process, 
however, due to the reverse in the concentration gradient desorption processes are at 
play (Korotta-Gamage et al. 2017b). Concurrently, there is a possibility that 
microbial products such as SMP and EPS released during the BAC treatment 
possibly increased the treated water DOC, masking the removal by BAC. When this 
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Test-3a) was subjected to coagulation again (Test-3b) DOC decreased by 25% to 
1.59 mg/L. The results of EC/BAC/EC process revealed that after treating the 
coagulated water with non-coagulable DOC by BAC, microbial activity in BAC bed 
generates the coagulable DOC which was reduced by subjecting to coagulation 
again.  
In comparison of chlorine demand, when the direct coagulated raw water with 50 
mg-Fe3+/L coagulant dose having 2.04 mg/L 72 hour chlorine demand was subjected 
to prolonged BAC treatment 72 hour chlorine demand was reduced to 1.33 mg/L 
(Figure 4.6). It was apparent that for 6% removal of DOC by BAC from the feed 
water containing non-coagulable DOC (coagulated with 50 mg-Fe3+/L) chlorine 
stability was improved markedly suggesting how important to remove these BOMs 
composed of LMW organic compounds (non-coagulable DOC).  
Moreover, as shown in the Figure 4.6, the chlorine demand was reduced further after 
coagulation of EC/BAC treated water. The 72 hour chlorine demand 1.33 mg/L that 
was achieved with EC/BAC was reduced to 1.03 mg/L for the 15 mg-Fe3+/L dose of 
coagulant after EC/BAC treatment possibly due to the removal of non-coagulable 
organic matters which had changed into the coagulable form after biological process. 
These results may help explain how the adsorption and biodegradation process of 
BAC increased the chlorine stability in the coagulated water.   
More importantly, these results help to understand the potential of improving 
chlorine stability by combining the BAC treatment with coagulation as the greater 
portion of chlorine reactive compounds which composed of BOMs were removed or 
processed by the biological activities in the BAC bed. Further, these results suggest 
the possibility of adopting BAC treatment before the coagulation for an effective 
removal of more chlorine demanding compounds.  
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4.3.4 Two reactant modelling of chlorine decay  
Traditionally, DOC is considered as a good qualitative alternate for the chlorine 
consumption however, chlorine decay cannot be calculated or ranked based on the 
DOC values (Figure 4.6). Therefore, as an approach to characterise chlorine decay in 
treated water samples, the decay results from batch Test-1, 2, 3 and 4 were used to 
derive the parameters of the two reactant chlorine decay model. The model 
parameters quantify the chlorine decay curve based on the initial ‘fast’ and prolonged 
‘slow’ decay (Kastl et al. 1999) where the model represents it as fast reacting agents 
(FRA) and slow reacting agents (SRA). When the chlorine is consumed by the 
organic compounds initially (first few hours), the decay rate is dominated by the fast 
reacting compounds (in treatment plant). Once the fast reacting compounds are used 
up, slowing of the chlorine decay reaction rate is observed as a result of the reaction 
between residual chlorine and slow reacting compounds (in the distribution system) 
(Fisher et al. 2011; Kastl et al. 1999; Kohpaei et al. 2011). 
The concentrations of slow and fast reacting compounds for the treated water are 
presented in the Figure 4.7 with the corresponding DOC values. The optimal values 
for the parameters in the 2R model were estimated using the AQUASIM parameter 
estimation procedure. The concentration of FRA and SRA were calculated using the 
average of the kF and kS coefficients of all samples. 
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(a) 
 
(b) 
 
Figure 4.7: Two reactant chlorine decay model results for BAC and EC treatments 
(a) comparison of slow reactants (SRA) concentration with DOC (b) comparison of 
fast reactants (FRA) concentration with DOC.  
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The concentration of total FRA and SRA in the Orchard Hills raw water was 14.43 
mg-Cl/L while the concentration of SRA was 12.38 mg-Cl/L. As the raw water has a 
higher amount of SRA, once the FRA is consumed the chlorine decay rate is 
determined by the reaction of the residual chlorine with the SRA. After the 
prolonged BAC treatment at DOC concentration of 2.91 mg/L (46% DOC removal), 
the FRA and SRA concentrations were reduced to 0.67 mg-Cl/L and 0.76 mg-Cl/L, 
respectively. According to the chlorine decay model data (Figure 4.7), BAC has a 
greater potential to remove SRA and FRA which in turn increases the chlorine 
stability in the treatment plant and in distribution system.  
Mainly, in the initial period of prolonged BAC treatment (6 days), BAC removed 
only 12% of DOC (Figure 3 (b)), but the chlorine reactive compounds (fast and slow 
reacting agents) were removed substantially (67% of SRA and 50% of FRA) (Figure 
5 (b, c)). This indicates the proportion of chlorine removal is not consistent with the 
DOC removal over the batch test period. Prolonged BAC treatment achieved a 
substantial DOC removal but insignificant removal of chlorine demanding 
compounds with the time. These results imply DOC should not be used as the 
indicator of chlorine demand since different type of organic matter may be removed 
by different treatment processes and hence chlorine decay characteristics should be 
determined if one is concerned about chlorine stability. 
In addition, the BAC treated water under aseptic conditions (batch Test-2) showed 
decreased of the FRA to 0.75 mg-Cl/L and SRA to 1.85 mg-Cl/L after prolonged 
incubation (Figure 4.7). A surprising observation was the FRA removal by BAC 
physical adsorption is almost similar to the FRA removal by biodegradation process. 
This raises the question, physical adsorption of which organic compounds play a role 
in increasing the chlorine stability. This is difficult to explain with the mechanism of 
virgin GAC adsorption as the mechanisms involved are different from the aged GAC 
or BAC. A hypothesis is presented to explain this observation. It is known that the 
organic matters/ nutrients adsorbed on the outer surface of GAC undergo 
biodegradation (Scholz and Martin 1997) and mostly non-biodegradable DOC 
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diffuse into the GAC micropores and adsorbed to its inner surface (Simpson 2008). 
Hence, possibly the GAC adsorption sites become saturated or exhausted mostly 
with the less or non-biodegradable compounds. Moreover, the biofilm studies show 
an evolution of the morphology and composition such as carbohydrate to amino acid 
ratio during ageing (Batté et al. 2003, Gibert et al. 2013). These changes in the 
biofilm nature can modify the GAC surface interactions toward organic compounds 
(Ye et al. 2019). Therefore, apparent increased removal of chlorine reactive 
compounds by the BAC physical adsorption process possibly due to the higher 
affinity of GAC available adsorption sites towards the BOM. However, this needs 
further investigation.  
The BAC treated water SRA concentrations of 2.12 mg-Cl/L (3.71 mg/L of DOC) 
and 0.76 mg-CL/L (2.91 mg/L of DOC) were dropped to 1.20 mg-Cl/L and 0.57 mg-
Cl/L, respectively after subjecting to coagulation with 15 mg-Fe3+/L coagulant dose 
(batch Test-1b) and similarly, reduced the FRA concentrations. This implies that 
certain portion of chlorine reactive compounds still remained even after the 
prolonged BAC treatment possibly as a result of microbial activities that change the 
nature of the organic compounds into coagulable ones or desorb organic matters 
from the GAC surface. These possibilities were investigated in batch Test-3a and b. 
However, the chlorine demand due to both SRA and FRA can be further reduced by 
coagulating the BAC treated water.  
The FRA concentration of 0.90 mg-Cl/L and SRA concentration of 1.26 mg-Cl/L in 
the direct coagulated water with 50 mg-Fe3+/L was reduced to 0.52 mg-Cl/L (by 
43%) and 0.49 mg-Cl/L (by 63%), respectively after subjecting to prolonged BAC 
treatment (batch Test-3a). This indicates that for a 6% removal of non-coagulable 
DOC (BOM) by BAC had the potential to reduce the chlorine demand. When this 
EC/BAC treated water subjected to coagulation again with 15 mg-Fe3+/L coagulant 
dose (batch Test-3b) concentration of SRA was further declined to 0.18 mg-Cl/L and 
FRA concentration remained almost same. The results of coagulation/BAC/ 
coagulation indicates that the microbial products, desorbed organic matters and 
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coagulable substance generated from non-coagulable ones during the passage 
through the BAC were chlorine reactive compounds and the removal of them by 
coagulation further reduced the FRA and SRA concentrations.  
According to the chlorine decay model results, if chlorine stability is the target, the 
lower removal of DOC by BAC is sufficient. To further enhance the chlorine 
stability enhanced coagulation could be combined.  
4.3.5 Organic matter characteristics at different stages of DOC removal  
In order to understand the organic matter characteristics of the BAC treated water at 
different DOC removal efficiencies and residual chlorine concentrations, the LC-
OCD analysis was performed on specific samples. The LC-OCD uses SEC to 
separate complex organic mixtures however, this technique does not relies solely on 
separation based on size, and other factors such as structure, charge and polarity 
influence the results (Newcombe et al. 1997b). As measured by LC-OCD hydrophilic 
DOC which is referred as chromatographic DOC (CDOC), separated into five 
fractions of different MW and remainder comprised of hydrophobic DOC. The five 
chromatographic fraction of DOC are (a) biopolymers which is a hydrophilic non-
ionic fraction with high MW (≥ 10000 g/mol) i.e. polysaccharides, proteins; (b) HS 
(~1000 g/mol); (c) building blocks which are breakdown products of HS having 
lower MW (300-500 g/mol) (d) LMW acids (<350 g/mol) and (e) LMW neutrals 
which are hydrophilic to amphiphilic in nature and has LMW (<350 g/mol) and low 
ion density i.e. LMW alcohols, aldehydes, ketones, sugars and amino acids (Huber et 
al. 2011).  
Figure 4.8 shows the nature of the organic matter content in the untreated Orchard 
Hills surface water. According to the LC-OCD chromatographic data HS (44%) is 
the dominant fraction in the raw water sample while building blocks, LMW neutrals 
and biopolymers account for 22%, 16% and 6%, respectively of total DOC and the 
LMW acids concentration was less than 1 µg/L (not quantifiable amount).      
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Figure 4.8: LC-OCD chromatogram of untreated Orchard Hills surface water with 
identified peaks for DOC fractions. 
Comparison of the organic matter characteristics in the BAC treated water (batch 
Test-1a and 2) at different DOC removal efficiencies is illustrated in Figure 4.9 
which may explain how the treatment was able to remove chlorine reactive 
compounds of the DOC. The biopolymers, HS, building blocks and LMW neutral 
removal efficiency of 66%, 44%, 56% and 58% were obtained by Test-1a. Thus, a 
large reduction of LMW, hydrophilic compounds (>50%) mainly, the biodegradable 
fraction of DOC corresponded well with the reduction in chlorine demand (72 hour 
chlorine demand 1.78 mg-Cl/L).  Similarly, removal of adsorbable DOC (by physical 
adsorption process) by batch Test-2 reduced the biopolymers, HS, building blocks 
and LMW neutral by 48%, 10%, 39% and 40%, respectively. 
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Figure 4.9: Organic matter characteristics of the prolonged BAC treated water from 
batch Test-1a and 2.  
According to the Figure 5 (b) and (c), at 12% BDOC removal chlorine demanding 
compounds were reduced greatly than the later ones. Similarly, the physical 
adsorption process of BAC (batch Test-2) was reduced the chlorine demand to a 
greater extent resulting 1.85 mg-Cl/L of SRA concentration. However, the LC-OCD 
results did not rank the water samples in the same way as the chlorine decay profiles 
(Figure 6). The reduction of organic matter fractions (biopolymers, HS, building 
blocks and LMW neutrals) accompanied by a corresponding decrease in DOC 
removal however, doesn’t correspond well with either SRA/FRA concentration or 
biological/physical removal process. Therefore, it is difficult to assess how the 
organic matter characteristics relate to chlorine stability from the LC-OCD results.  
4.3.6 Microbial community analysis  
The bacterial community composition and diversity in the BAC biofilm (batch Test-
1a) were examined performing 454 pyrosequencing analysis. As presented in Figure 
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4.10 rarefaction curves generated at 97% sequence similarity, indicating that higher 
percentage of the bacterial communities were accessed and therefore, could reflect 
the real microbial community compositions in the BAC. A total of 37,970 sequences 
were generated from nine BAC samples collected at different stages of DOC removal 
and were normalized to 26,582 (fewest among nine samples) to compare the bacterial 
diversity. Shannon's diversity index was used to understand both the richness and 
evenness of the species in the microbial community, higher value indicates a greater 
diversity of microbes.   
The results in Table 4.1 shows the BAC biofilm had the highest diversity ranging 
from 8.48 to 8.74 during the total period of experiment and there was only a slight 
change in the average number of species. This suggests that the attached biomass on 
BAC granules which was taken from the BAC column operated for more than six 
month were more diverse and stable.  
 
 
Figure 4.10: Diversity comparison: rarefaction curves for Shannon index in the 
biofilm samples collected at different time intervals of batch Test-1a at 97% 
sequence similarity. 
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Table 4.1: Community richness and diversity indices for BAC biofilm samples 
collected from batch Test-1a.  
Sample 
Observed speciesa 
(Average)  
Shannon Indexa 
6 days after 2115 8.67 
17 days after 2040 8.67 
24 days after 1994 8.58 
30 days after 2036 8.72 
38 days after 1987 8.55 
48 days after 1941 8.54 
52 days after 1964 8.48 
58 days after 2041 8.74 
65 days after 1922 8.49 
a Sequence per sample normalized to 26582 
A total of 39 bacterial phyla were identified in the collected BAC biofilm samples. 
The dominant bacterial phylum within all the biofilm samples was Proteobacteria 
(61%-46% of the total sequences) and the other main phyla were Bacteroidetes (6%-
13%), Acidobacteria (7%-9%), Planctomycetes (4-5%), Nitrospirae (4%-12%) 
(Figure 4.11). Likewise, the main class of Proteobacteria present in all samples were 
Alphaproteobacteria (16%-30%), followed by Betaproteobacteria (9%-16%), 
Deltaproteobacteria (9%-11%), and Gammaproteobacteria (4%-6%) (Figure 4.12).  
The Alphaproteobacteria remained the most abundant bacterial group in all the 
samples and this agrees with the other studies reporting the dominance of 
Alphaproteobacteria in up-flow BAC reactors at high assimilable organic carbon 
(AOC) concentration in the influent (Liao et al. 2012; Liao et al. 2013). The most of 
the other studies report the dominance of Betaproteobacteria in the down-flow mode 
BAC filters (Li et al. 2010; Niemi et al. 2009; Yang et al. 2011). However, according 
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to the results shown in Figure 4.11 and 4.12 Betaproteobacteria was the second most 
abundant class of bacteria in the samples and there was slight decrease in the relative 
abundance of Betaproteobacteria with the time, on day 6, 16% of the total sequences 
belonged to Betaproteobacteria and reduced to 9% after 65 days. The 
Betaproteobacteria could contribute to the BOM degradation (Yang et al. 2011) and 
the decrease of the abundance with the time may indicate the reduction of available 
carbon source with the time in batch Test-1a. In addition, class Nitrospira abundance 
increased from 4% on day 6 (12% DOC removal) to 12% on day 65 (46% DOC 
removal) of batch Test-1a. The differences in abundance were found to be more 
pronounced at a genus level (Appendix D: Table D-1). The class Nitrospira is an 
autotrophic group of nitrite-oxidizing bacteria that obtain necessary carbon for 
metabolic processes from inorganic carbon sources (HCO3- and CO2). Thus, the 
increased abundance of Nitrospira reflects the slight transition of bacterial 
community with the reduction of DOC in the water.   
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Figure 4.11: Relative abundance of the dominant bacteria phyla at different time 
periods of the batch Test-1a. ‘Other phyla’ represent the total representation of 
bacteria phyla with relative abundance <1% in any given sample. 
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Figure 4.12: Relative abundance of the dominant bacteria classes found at different 
time periods of the batch Test-1a. ‘Other bacterial classes’ represent the total 
representation of bacteria classes with relative abundance <1% in any given sample. 
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Besides, this study was able to identify the presence of genus level microorganisms 
Sphingomonas, Bradyrhizobium, Mesorhizobium, Hyphomicrobium belong to class 
Alphaproteobacteria which were able to degrade many kinds of environmental 
pollutants (Baboshin et al. 2011; Rulianti et al. 2007; Wang et al. 2010; Zhang et al. 
2011).   
Figure 4.13 illustrated the clustering analysis performed grouping all the genus level 
sequences into OTUs (97% similarity). The clustering results also indicated that 
BAC biofilm samples collected at the different time in the batch Test-1a were more 
similar to each other. An overall 72% higher similarity was observed among all nine 
biofilm samples collected from BAC granules at different times of incubation. This 
indicated that the bacterial community of the biofilm was varied slightly during the 
two month of the experimental period of batch Test-1a.  
 
Figure 4.13: Cluster analysis (at 97% sequence similarity) of BAC biofilm samples 
collected from batch Test-1a based on Jaccard similarity index. 
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Generally, the complex and dynamic bacterial community composition in the BAC 
was dependent on the availability of nutrients, carbon substrate (Boon et al. 2011; Li 
et al. 2010; Yu et al. 2009), operational conditions such as EBCT, backwashing (Liao 
et al. 2015; Moll et al. 1998; Zhang et al. 2010a). This was reflected from the Figure 
4 (c) results, as the bacterial community present at the beginning of the batch Test-1a 
was not linked with the community present at the middle and end of the Test-1a, 
possibly due to the reduction of available carbon source. This reflects the shift in 
microbial community structure with the operation time of the batch test. 
As a final, the relationship between the genus level bacterial community structure 
and the physiochemical parameters (DOC removal, 72 hour chlorine demand, 
biopolymers, HS, building blocks and LMW neutral concentrations) were evaluated 
using canonical correspondence analysis (CCA) (Figure 4.14). According to the 
Figure 4.14, during the period that biofilm samples collected during the first three 
weeks had a high concentration of biopolymers, HS, building blocks, LMW neutral 
and higher 72 hour chlorine demand in the water while higher DOC removal was 
observed during the period of biofilm samples collected after three weeks.    
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Figure 4.14: Canonical correspondence analysis (CCA) diagram illustrating the 
relationship between the genus-level community structure of biofilm samples 
collected on different time periods of batch Test-1a and environmental variables. 
In summary, the phylum Proteobacteria class Alphaproteobacteria and 
Betaproteobacteria were the most abundant bacterial group observed in all nine 
samples, and these dominant microbial classes might contribute to the DOC removal 
and BOM degradation. While the microbial community was slightly shifted over the 
incubation period, increase in Nitrospira abundance was more prominent with the 
reduction of available carbon source. 
4.4. Conclusion 
The DOC concentrations of the treated water provide a good indication of the 
treatment process. Incubation of Orchard Hills raw water with BAC granules that 
were taken from the BAC column which was operated at the steady state of the DOC 
removal and acclimatized to the same source of water, removed 47% of DOC out of 
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which 19% of DOC removal was due to the physical adsorption process. The 
potential of improving DOC removal can be further improved combining BAC with 
coagulation process.  
The prolonged BAC treatment in the batch mode resulted in higher chlorine stability 
in the water where the 56% of the initial chlorine dose remained after 168 hours. The 
chlorine demand can be further reduced after coagulation of BAC treated water. 
The chlorine demand due to both fast and slow reacting compounds was reduced 
greatly by the BAC treatment. The raw water SRA concentration of 12.38 mg-Cl/L 
was reduced to 0.76 mg-Cl/L after the prolonged BAC treatment. There is a potential 
to further reduce the concentration of FRA and SRA by combining the BAC 
treatment with coagulation. 
Although lower DOC improves the chlorine stability in many cases, results show 
12% DOC removal by the BAC treatment substantially reduced the concentration of 
chlorine reactive compounds (67% removal of slow reacting compounds-SRA). A 
smaller reduction in DOC by BAC may sufficient to improve the chlorine stability 
and this can be further improved in combined with coagulation. However, for the 
improvement in biostability prolonged incubation/ higher DOC removal may be 
needed, but this needs further investigation. 
The reduction of organic matter fractions (biopolymers, humic substances (HS), 
building blocks and LMW neutrals) accompanied with the corresponding decrease in 
DOC removal, however, doesn’t correlate well with the concentration of chlorine 
reactive substances (SRA and FRA).  
The shift in the microbial community in BAC granules over the incubation period 
was less significant except for the prominent increase in Nitrospira with the 
reduction of DOC. Alphaproteobacteria and Betaproteobacteria were the most 
abundant bacterial groups observed in the BAC granules, which might contribute to 
BDOC removal in the water and thereby increases the chlorine stability.  
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Chapter 5 
 
Improving Coagulability and 
Chlorine Stability through BAC 
Treatment  
 
5.1. Introduction 
NOM which is measured as DOC is a complex matrix of organic materials present in 
natural waters due to the interactions between the hydrological cycle and the 
biosphere and geosphere (Fabris et al. 2008; Sillanpää et al. 2015b). As a result of 
climate changes and global warming, a considerable increase in the content and the 
complexity of NOM in surface waters has occurred during the past 20 years across 
the globe (Eikebrokk et al. 2004; Evans et al. 2005; Korth et al. 2004). The presence 
of NOM causes several problems in potable water quality by contributing annoying 
colour, taste, and odour problems (Evans et al. 2005; Owen et al. 1995). Further, 
NOM facilitates the growth of bacteria  (Servais et al. 1995; van der Kooij 1992) and 
also demand higher disinfectants (chlorine and chloramine) subsequently producing 
carcinogenic DBPs such as THM and HAA (Świetlik et al. 2004; Trang et al. 2012). 
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Eventually, NOM affects significantly many aspects of water treatment, including 
the performance of the unit processes, application of water treatment chemicals and 
biological stability of water (Owen et al. 1995). Therefore, it is essential to maintain 
low DOC level in water distribution system. At the same time, it is more complicated 
to treat with the increased population of cities as a larger volume of water needs to be 
processed faster.  
The most common conventional methods for removal of DOC are coagulation and 
flocculation followed by sedimentation and filtration. Historically, many water 
treatment utilities used the coagulation process to remove turbidity caused by 
colloidal particles and colour associated with NOM (Budd et al. 2004). Today, the 
NOM removal by coagulation, especially EC, is widespread as a result of 
requirements for TOC removal thereby, control the formation of DBPs. The removal 
of bulk DOC, THM precursors and HAA precursors by the coagulation have been 
reported as 44%, 15-34% and 19-72%, respectively with coagulant alum (Singer et 
al. 2002). 
To remove a higher amount of organic matter, larger doses of coagulant, such as 
ferric or aluminium salts, need to be added (Fisher et al. 2004). The application of 
higher coagulant dose is associated with longer settling time and higher sludge 
production hence, needs larger settling equipment. Therefore, this will decrease the 
filter run time and eventually add additional operating cost. However, due to the high 
daily water demand (i.e. Sydney), some water treatment plants skip the flocculation 
and sedimentation stage and directly filter after the coagulation step to maintain high 
plant production rate and to reduce the run time. Hence, this direct filtration process 
results only 5-15% removal of NOM with approximately 10 mg/L of ferric chloride 
(FeCl3) coagulant dose.  Sometimes, flocculation aid, usually a polymer termed as a 
polyelectrolyte is used in combination with the conventional coagulant to facilitate 
the process of floc formation, especially in the low turbid water.  
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Irrespective of the amount of dose, the coagulation process is more effective in 
removing higher MW, hydrophobic compounds rather than removing lower MW 
hydrophilic compounds (Korshin et al. 2009; Sharp et al. 2006a; Sharp et al. 2006b). 
Matilainen et al. (2005) observed that approximately 95% of high MW organic 
substances were removed in the coagulation process with both ferric and alum while 
only 10% of LMW matters (<1000 gmol-1) were removed regardless of the 
coagulant. The biodegradable fraction of organic matters in the water is mainly 
composed of LMW hydrophilic organic compounds (Hem et al. 2001). Therefore, 
BOM which is usually measured as the BDOC is not affected by the coagulation 
(Volk et al. 2000). 
Chlorination and chloramination are widely used in drinking water disinfection. 
During the chlorination and chloramination, bromide (Br-) present in the water is 
rapidly oxidized to HOBr/OBr− and iodide (I-) oxidises to HOI (Zhai et al. 2014; Zhu 
et al. 2016). The hydrophilic, LMW NOM fractions are more reactive with HOBr-
/OBr- and HOI (Hua et al. 2007; Zhai et al. 2014) and form brominated and iodinated 
DBPs. The iodinated DBPs are generally more cytotoxic and genotoxic than 
corresponding brominated DBPs, which in turn present higher toxicity than 
corresponding chlorinated DBPs (Echigo et al. 2004; Liu et al. 2014; Yang et al. 
2013). Therefore, the presence of LMW BOM were found to play an important role 
in the formation of DBPs and on the chlorine demand  (Chang et al. 2001; Hua et al. 
2007) and significantly lowers the biological stability of the treated water. 
Concurrently, the presence of BOM promotes the microbial regrowth in distribution 
systems has been recognised as a potential water quality problem and a health issue 
for some years (Escobar et al. 2001; Huck et al. 1991; LeChevallier 1990; van der 
Kooij 1992). Moreover, increase in the LMW, hydrophilic fraction of NOM in the 
water sources has been observed on several areas around the world (Fabris et al. 
2008) which in turn reflects the importance of the removal of BOMs. 
With these limitations in conventional coagulation process, it may not sufficiently 
reduce NOM, especially with high NOM concentration or with high BOM content in 
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the surface water. In such situations, additional technologies or change in the current 
configuration in the water treatment need to be considered. Pre-oxidation has been 
traditionally used in combination with coagulation to improve the NOM removal and 
ozonation is the most preferential method of oxidation (Bose et al. 2007). Pre-
ozonation acts as coagulation aid at low dosage (1 mg/L O3) where ozone produced 
NOM with intermediate MW and hydrophobic neutral compounds which are 
favoured removal by coagulation, but at higher ozone dosage (2 mg/L O3) NOM 
oxidized further into more hydrophilic LMW compounds which are more difficult to 
coagulate (Yan et al. 2007). MIEX®  pre-treatment with alum coagulation was found 
to be effective for removing DOC (46-72%), THM precursors (60-79%) and 
reducing the coagulant demand of the water (Singer et al. 2002). Conversely, 
hydrophilic anionic molecules of low charge and hydrophobic neutrals were less 
treatable by coagulation and MIEX® therefore, additional treatment may be required 
where the post-coagulation residual retains the potential of high DBP formation 
(Bond et al. 2010). Similarly, with the combination of alum EC and PAC treatment, 
the overall DOC removal (70%) was increased after treatment, although, this is not 
desirable in high bromide source waters as the PAC does not remove bromide and 
increases in brominated DBP formation (Watson et al. 2015). However, 
identification and configuration of a water treatment process that provides acceptable 
water quality is a challenging task.  
The BAC process is one of the economically feasible, environmentally friendly water 
treatment methods which offer several benefits over traditional water treatment 
methods. In this process, bacteria inhabit the rough porous surface of the exhausted 
AC by utilizing the organic matters present in the water as a source of nutrient 
(Servais et al. 1994; Simpson 2008). Mainly, BAC treatment process effectively 
removes biodegradable compounds (Prévost et al. 1998; Zhang et al. 2010b), more 
hydrophilic compounds such as DBP precursors of N-nitrosodimethylamine 
(NDMA) more than 90%  (Asami et al. 2009) and improve the biological stability of 
the drinking water. In addition, BAC process can remove trace level organic 
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pollutants (i.e. pharmaceuticals and personal care products) (Justo et al. 2015; 
Reungoat et al. 2011) and some heavy metals (Srivastava et al. 2008; Xing et al. 
2017). This indicates the BAC’s ability in removing LMW, hydrophilic organic 
compounds which are not coagulable. The removal of the amount of BOM result in a 
significant reduction in the chlorine demand (Prévost et al. 1998) and this mitigates 
the formation of DBPs (Liu et al. 2017a). 
To take the additional benefits related to the BAC, several other physiochemical 
processes have been combined with BAC. Mostly, BAC treatment process has been 
used after the pre-oxidation process such as ozonation, UV, H2O2 treatments to 
remove LMW compounds (Buchanan et al. 2008; Takeuchi et al. 1997; Toor et al. 
2007) or after the coagulation process for additional DOC removal (Shon et al. 
2005). Recently, few studies have investigated the DOC removal achieved by 
adopting BAC prior to the coagulation in secondary wastewater effluent treatment 
and observed more promising results in terms of DOC removal (Aryal et al. 2011b; 
Aryal et al. 2012). 
From this point of view, it could be beneficial to understand the synergistic effect of 
BAC and coagulation process in drinking water treatment to enhance the DOC 
removal and to overcome the limitations related to the traditional coagulation 
process. The objective of this study is to investigate the effectiveness of BAC 
treatment followed by coagulation process on improving DOC removal and chlorine 
stability in drinking water. Further, the organic matter characteristics were evaluated 
in the treated water and correlated to the DOC removal.  
5.2. Materials and Methods 
5.2.1 Source water 
Untreated raw water from Nepean water filtration plant, NSW, Australia was used in 
this study. Nepean Dam of capacity 67.7 GL located south of Sydney was created by 
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damming the Nepean River. Water from Upper Nepean Catchment Area is filled to 
the Nepean Dam and pumped to Water NSW’s Nepean water filtration plant. The 
direct filtration was used in the Nepean water filtration plant before being distributed. 
5.2.2 BAC reactor setup and operation 
A laboratory scale BAC column was employed in this study. The BAC column was 
operated as continuous up-flow reactor where it was designed to feed the raw water 
from bottom and outlet at the top for the collection of effluent as illustrated in Figure 
5.1. The inner diameter of the column was 5 cm. The commercially available 
untreated activated charcoal which was made from peat bog obtained from Sigma-
Aldrich, USA (Table 3.1) was used to prepare the BAC column. The GAC was 
washed with tap water for several times to remove ash and other impurities before 
use. Afterward, the column was filled with 150 cm3 of GAC (bed depth of 5 cm). 
Then the raw water was pumped to the column at 7.5 mL/ min to achieve 20 minutes 
EBCT in a single run. To prevent clogging within the BAC reactor column was 
backwashed weekly. 
                 
Figure 5.1: BAC reactor setup. 
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Pump Head 
Inlet 
Outlet 
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5.2.3 Analytical parameter measurements 
The DOC concentration and the free chlorine concentration were measured. The 
samples were filtered through pre-washed (with Milli-Q water) 0.45 µm mixed esters 
of cellulose filter (Merck Millipore, Australia, # HAWG047S6) and DOC of the 
filtered samples were measured using Total Organic Carbon analyser (SHIMADZU 
TOC-LCPH/ CPN SSM-5000A). The detection limit of the instrument is 4 µg/L. 
The chlorine decay was measured in the samples incubated at 25o C and pH 7.5 by 
DPD colorimetric method using a HACH DR 1900 spectrophotometer. A chlorine 
stock solution was prepared using a 10% sodium hypochlorite solution. The volume 
required to establish 2.75 mg/L of initial chlorine concentration was added to each 
200 mL of sample and Milli-Q blank sample. The chlorine concentration of the 
Milli-Q blank sample was measured immediately to determine an accurate initial free 
chlorine concentration. The residual free chlorine concentrations of the samples were 
continued to measure up to seven days at certain time intervals depending on the 
chlorine decay rate of the samples. The chlorine measurement had an experimental 
error of ±0.03 mg/L. 
5.2.4 Enhanced coagulation 
The coagulation was conducted using the coagulant ferric chloride (FeCl3, analytical 
grade, 98% assay) at different coagulant concentrations. The jar test was carried out 
following standard protocol for coagulation and flocculation. Different 
concentrations of coagulant (5, 10, 15 and 20 mg-Fe3+/L) were added to 1 L of 
collected samples separately at a rapid mixing velocity of 200 rpm, and the system 
was mixed for 2 minutes. Subsequently, stirring velocity was reduced to 20 rpm and 
maintained for 20 minutes. During the slow mixing, pH was adjusted to 5.5 as the 
Kastl et al. (2004) found that the removal of organic matters at this pH is maximum 
for ferric coagulant using 1 M sodium hydroxide and 1 M sulphuric acid. Then the 
flocs were allowed to settle for 30 minutes.  
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5.2.5 Size exclusion chromatography 
SEC separation of NOM was performed with LC-OCD system. The system was a 
model 8 LC-OCD technique and a chromatographic column Toyopearls HW-50S 
which is a weak cation exchange column by Tosoh Bioscience, Tokyo/Japan is 
connected to a Gräntzel thin film reactor developed by DOC-Labor, Dr. Huber, 
Karlsruhe/Germany. The column separates according to the molecular size where 
smaller molecules being retained for longer in the column due to diffusion into 
smaller pores and elutes after larger molecules (Huber et al. 2011). The outlet stream 
is connected to three online detectors; fixed wavelength UV detection (UVD 254 
nm), organic carbon detector (OCD) and organic nitrogen detector (OND).  
Prior to LC-OCD analysis samples were filtered using 0.45 µm pore size filter 
(Merck Millipore, Australia, # HAWG047S6, mixed esters of cellulose) to remove 
any particles present in the water samples. Aliquots; 1000 µL of each sample were 
injected via auto-sampler. A phosphate buffer (28 mmol, pH 6.6) was used as the 
mobile phase and samples eluted at a flow rate 1.1 mL.min-1. The UVD, OCD and 
OND calibration was performed based on potassium hydrogen phthalate and 
potassium nitrate. For data acquisition and processing ChromCALC and DOC-
Labour software programs were used. The detection limit of the LC-OCD system 
was 10 µg/L (measurement range: 1-5 mg-C/L). 
5.2.6 Experimental setup 
The investigation was carried out in three steps as illustrated in Figure 5.2. In the first 
step, untreated Nepean surface water was coagulated at different coagulant doses (5-
20 mg-Fe3+/L) at constant pH 5.5. In the second step individual performance of BAC 
at 20 minutes, EBCT was evaluated. Here the BAC column was operated for more 
than six month and monitored the DOC removal with the time until it reaches the 
relative steady state of DOC removal where the biodegradation process became 
increasingly important relative to the physical adsorption process (Korotta-Gamage 
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et al. 2017c). The BAC column that reached the relative steady state of DOC 
removal was utilised for the third step of this experiment. In the third step, the 
effectiveness of BAC treatment followed by coagulation was studied by treating 
BAC effluent with different coagulant doses at constant pH 5.5. 
               
Figure 5.2: Experimental setup to investigate the synergistic effect of BAC and 
coagulation (all tests were carried out at room temperature). 
The samples were collected at each step and measured the DOC concentrations at 
room temperature and analysed the organic matter characteristics using the LC-OCD. 
Approximately 200 mL of samples collected (pH 7.5) at each step were dosed with 
chlorine stock solution to establish 2.75 mg/L of initial chlorine concentration and 
residual free chlorine concentration was measured at 25o C and pH 7.5 in different 
time intervals over a 7 days period. Then the efficiency BAC followed by 
coagulation process was evaluated comparing the analytical parameters. 
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5.3. Results and Discussion  
5.3.1 Long-term performance of BAC and DOC removal 
The long-term performance of BAC column at 20 minutes EBCT in terms of DOC 
removal is shown in Figure 5.3. During the operational time, the DOC concentration 
of the feed water; untreated Nepean water was around 3.6-5.5 mg/L. 
 
Figure 5.3: Long-term DOC removal performance of BAC operated at 20 minutes 
EBCT with Nepean water as the feed.  
As shown in Figure 5.3, in the early operation stage of BAC (1-2 weeks after 
starting), DOC removal was around 70% of the influent due to the strong physical 
adsorption capacity of AC where the bacteria in the associated biofilm were in 
acclimation period (Korotta-Gamage et al. 2017c). After continuous running for 
about 1-2 month, the adsorbability of AC dropped markedly resulting 40% DOC 
removal. In this transition period bacteria become acclimated and biological 
degradation of DOC starts to operate. As the adsorption capacity of AC exhausted 
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adsorption process in BAC bed (Korotta-Gamage et al. 2017c; Lohwacharin et al. 
2011). Then the DOC removal stabilized at around 15% after about 7-8 week 
continuous operation which is termed as relative steady state period. This behaviour 
of the BAC clearly agrees with the biological process described in the previous 
studies (Lohwacharin et al. 2011; Simpson 2008).  
When the feed water concentration is relatively uniform, organic matters continue to 
accumulate on the AC surface until adsorption equals the desorption. In this phase 
where GAC adsorption sites became saturated with DOC, no further accumulation 
will occur, the concentration between the bulk liquid phase and adsorbed solids is 
relatively low (Aktas et al. 2011). Therefore, in the relative steady state phase, low 
driving force reduces the effectiveness of physical adsorption process of GAC which 
makes the biodegradation processes are increasingly important.  
After the continuous operation of BAC column for about six month where the DOC 
removal in the steady state phase was utilised for the experiment. The Nepean raw 
water DOC of 4.15 mg/L was reduced to 3.16 mg/L accounting for 24% DOC 
removal at 20 minute EBCT. 
5.3.2 DOC removal by coagulation 
The Nepean raw water DOC level of 4.15 mg/L was declined gradually with 
increasing coagulant dose at pH 5.5 as presented in Figure 5.4. The DOC was 
reduced to 3.66 mg/L (12% removal) with 10 mg-Fe3+/L of FeCl3 coagulant dose at 
pH 5.5. On doubling the coagulant dose, DOC concentration further reduced to 2.10 
mg/L accounting for an overall removal of 49%. Similarly, DOC was reduced to 1.62 
mg/L (61% removal) with 40 mg-Fe3+/L coagulant dose, however, DOC removal 
increased nearly by  11% on doubling the coagulant dose from 20 mg-Fe3+/L to 40 
mg-Fe3+/L and this was associated with higher sludge production that must be 
disposed. Although further reduction may be achieved by increasing the coagulant 
dose, 40 mg-Fe3+/L was the highest dose used in this experiment.  
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5.3.3 Effect of BAC/EC on DOC removal 
To evaluate the combined effect in terms of DOC removal, the effluent of the BAC 
after 20 minutes EBCT was subjected to coagulation with different coagulant dose at 
pH 5.5. As detailed in Figure 5.4, DOC of the Nepean untreated water gradually 
decreased with increasing the ferric chloride dose. When the same raw water was fed 
through a BAC column with an EBCT of 20 minutes, the DOC removal further 
improved. The Nepean raw water samples having a DOC value of 4.15 mg/L was 
reduced to 2.10 mg/L with 20 mg-Fe3+/L coagulant dose at pH 5.5 accounting for an 
overall DOC removal 49%. As can be seen in Figure 5.4, BAC treated water having 
3.16 mg/L DOC was reduced to 1.91 mg/L with 10 mg-Fe3+/L coagulant dose at pH 
5.5 with an overall removal efficiency of 54%. This was further reduced to 1.43 
mg/L when 15 mg-Fe3+/L coagulant dose was added to BAC treated water which 
accounts for 65% DOC removal. 
 
Figure 5.4: Coagulation performance of BAC effluent in terms of DOC removal. 
The DOC removal was high in BAC treated water with 10 mg-Fe3+/L coagulant dose 
than the raw water treated with 20 mg-Fe3+/L of coagulant dose alone (Figure 5.5). 
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BAC/coagulation suggest that the BAC in combination with coagulation decrease the 
coagulant dose required for coagulation alone to achieve a given DOC removal. In 
addition, the decreased dose of coagulant will eventually result in low sludge 
production.  
Traditionally, coagulation is primarily used for the removal of turbidity from 
drinking water. Therefore, normal wisdom does not want to remove turbidity at the 
beginning as it aids the coagulation process thus, in common practice add more 
coagulant to form flocs and to remove turbidity. However, the floc formation was 
improved in the BAC treated water compared to the coagulation alone (Appendix E: 
Figure E-1). The individual performance of coagulation was produced fine, poorly 
settling flocs and higher amount of coagulant was required for the formation of flocs 
and high DOC removal. However, when the BAC treated water was subjected to 
coagulation nice flocs were formed with less coagulant dose resulting higher DOC 
removal, low turbidity and shorter settling time (Appendix E: Figure E-1).  
Moreover, if the removal of DOC can be achieved with low coagulant dose 
requirement of separate sedimentation tank that requires about one and a half an hour 
retention time could be avoided. As opposed to the 90 minutes retention time in 
sedimentation tank BAC treatment at 20-40 minute EBCT can be reconfigured. 
Further, according to Figure 5.5, the non-coagulable portion of DOC which is not 
removed by the coagulation was removed by the adsorption and biodegradation 
processes of BAC.  The results showed that a distinct advantage could be obtained by 
adopting BAC prior to the coagulation, as microbes in BAC not only remove non-
coagulable compounds but also synergize the removal efficiency by coagulation 
possibly by converting non-coagulable organic matters into coagulable form.   
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Figure 5.5: Performance of BAC and coagulation (using ferric chloride as 
coagulant) on removing coagulable fraction of DOC. 
Moreover, when the biofilms are engaged as a part of water treatment process, 
microbial product such as SMP and EPS which are mainly composed of complex 
soluble organic compounds can be released into the effluent of the BAC (Barker et 
al. 1999; Jarusutthirak et al. 2006; Laspidou et al. 2002). This increases the effluent 
DOC and masked the DOC removal by BAC treatment (Carlson et al. 2000). The 
SMP contained mainly high MW organic compounds (Namkung et al. 1986). This 
SMP further subdivided into two categories as substrate UAP and BAP (Laspidou et 
al. 2002). SMP-UAP were more biodegradable than the SMP-BAP, therefore, SMP-
BAP was expected to accumulate in the biological treatment process and reported 
that the SMP-BAP exhibit high MW and hydrophilic character (Jarusutthirak et al. 
2007). Therefore, generally, the BAC effluent is deteriorated from non-coagulable 
DOC that forms during the BAC filtration and the microbial products SMP and EPS 
released by the biofilm (Servais et al. 1991). However, by adopting coagulation 
process after the BAC possibly contribute to remove the SMP and EPS released 
during the passage through BAC. 
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In summary, the same amount of coagulant performs better on BAC treated water in 
terms of DOC removal and lowers the required coagulant dose for coagulation alone.  
5.3.4 NOM characterisation by LC-OCD 
The LC-OCD is a method develops for NOM characterization. In this study, the LC-
OCD analysis was performed on water treated by coagulation, BAC and 
BAC/coagulation treatments to understand the nature of the organic matters removed 
and retained from the treatments. The SEC fractionation separates complex organic 
mixtures however, this technique does not rely solely on separation based on size, 
and other factors such as structure, charge and polarity influence the results 
therefore, MW values does not representative of the true MW (Newcombe et al. 
1997b). Fractions within NOM, as measured by LC-OCD, have defined as 
hydrophobic and hydrophilic. The hydrophilic fraction of NOM which is referred as 
CDOC divided into five fractions: (a) biopolymers which is a hydrophilic non-ionic 
fraction with high MW (≥ 10000 g/mol) i.e. polysaccharides, proteins; (b) HS (~1000 
g/mol); (c) building blocks which are breakdown products of HS having lower MW 
(300-500 g/mol) (d) LMW acids (<350 g/mol) and (e) LMW neutrals which are 
hydrophilic to amphiphilic in nature and has LMW (<350 g/mol) and low ion density 
i.e. LMW alcohols, aldehydes, ketones, sugars and amino acids (Huber et al. 2011). 
According to the Figure 5.6, the Nepean raw water was comprised 97% of 
hydrophilic DOC, while the HS was the dominant component accounting for 47% of 
total DOC. LMW neutrals, building blocks and biopolymers represents 36%, 12% 
and 2% of total DOC, respectively while the concentration of LMW acids was less 
than 1 µg/L (not quantifiable amount). 
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Figure 5.6: LC-OCD chromatogram of untreated Nepean surface water with 
identified peaks for DOC fractions. 
Figure 5.7 shows the removal of five DOC fractions by the coagulation and BAC 
treatment processes. Dominant HS present in the Nepean raw water was reduced by 
only 16% after direct coagulation with 10 mg-Fe3+/L coagulant dose and HS removal 
increased to 71% with increasing coagulant dose to 15 mg-Fe3+/L at pH 5.5. 
Similarly, a larger proportion of biopolymers removed by the coagulation 68% with 
10 mg-Fe3+/L and 77% with 15 mg-Fe3+/L coagulant dose. The LMW NOM 
fractions, LMW neutrals; the second most dominant fraction of DOC in untreated 
Nepean water and building blocks were reduced only by 5% and 23%, respectively 
by the coagulation with 15 mg-Fe3+/L coagulant dose. The comparison of the 
building blocks and LMW neutrals removal with the coagulant dose shows that the 
concentrations remained almost same regardless of the coagulant dose. The LC-OCD 
analysis results of the treated water by coagulation alone suggest that the coagulation 
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process effectively removed the higher MW fractions of NOM while the LMW 
fractions, which are generally biodegradable were not removed effectively which 
could in turn, increase the bacteria re-growth in distribution systems.  
 
Figure 5.7: Removal of LC-OCD NOM fractions by coagulation and BAC treatment. 
The BAC treatment of Nepean raw water at 20 minutes EBCT removed HS by 11%. 
Low removal of HS by the BAC alone possibly because humic fraction present in the 
Nepean raw water may not be readily biodegradable to be removed by the BAC or 
the microbial activity in the BAC bed may have converted the non-coagulable LMW 
fractions of organic matter into the coagulable form or to HS. Nepean raw water 
biopolymer concentration of 0.11 mg/L was increased to 0.21 mg/L after passing 
through the BAC column (Figure 5.7). The generation of biopolymers could be 
linked with the growth of microorganisms and therefore the release of microbial 
products, EPS into the effluent. The biopolymers mainly represented by the 
polysaccharides which are the dominating material in EPS (Flemming et al. 2007). 
On the other hand, the presence of biopolymers was reported to increase the size of 
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the flocs and rate of floc formation (Su et al. 2017), this could be the reason for 
improved floc formation observed when coagulating the BAC treated water. A 
higher removal of LMW fractions of DOC, building blocks (62%) and LMW 
neutrals (11%) were observed by the BAC treatment (Figure 5.7) indicating the 
ability of BAC to remove more biodegradable compounds.  
The removal of the LC-OCD fraction by the BAC treatment followed by coagulation 
is illustrated in Figure 5.7. Dominant HS was reduced by 16% after the coagulation 
with 10 mg-Fe3+/L coagulant dose, concurrently, 72% removal was observed with 
the same coagulant dose when the BAC treated water was subjected to coagulation. 
The removal of HS by the combination of BAC/coagulation was further increased to 
88% with 15 mg-Fe3+/L coagulant dose. Similarly, the removal of biopolymers by 
the BAC followed by coagulation process increased to 62% and 76% with 10 and 15 
mg-Fe3+/L coagulant dose, respectively. This suggests that the released high MW, 
EPS after passing through the BAC was removed by the subsequent coagulation 
process. The LMW NOM fractions building blocks and LMW neutrals were not 
affected by the direct coagulation preferentially while the percentage removal of 
these two fractions after BAC treatment followed by coagulation was increased up to 
68% and 31% respectively, with 10 mg-Fe3+/L coagulant dose. When BAC effluent 
was subjected to coagulation with 15 mg-Fe3+/L coagulant dose observed the 
removal of LMW neutrals and building blocks were 43% and 55%, respectively.  
These results suggest that the significant amount of NOM present in the water was 
biodegradable and composed of LMW compounds. The individual coagulation 
process mainly removes the higher MW, biopolymers and HS while the individual 
BAC treatment removed a comparatively high amount of LMW organic matters 
(building blocks and LMW neutrals) while producing HS from non-coagulable DOC. 
The increased removal of DOC fraction by the process of BAC followed by 
coagulation suggested that the  BAC can absorb a certain portion of DOC otherwise 
cannot be removed by the coagulation (LMW neutrals and building blocks) at the 
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same time bacterial activity inside the BAC may help to convert the non-coagulable 
organic carbon into coagulable one.   
5.3.5 Effect of BAC/EC on chlorine decay 
The previous sections clearly showed the effectiveness of BAC in synergising the 
DOC removal achieved by the coagulation. Analysis of chlorine decay over 168 
hours was performed to assess the impact of improved DOC removal (mainly the 
removal of BOMs) when BAC treatment was included before the coagulation. The 
samples treated with different treatment methods were dosed with chlorine at 
concentration of 2.75 mg-Cl/L and residual free chlorine concentrations were 
recorded over a period of 168 hours. Figure 5.8 illustrates the chlorine decay profiles 
of untreated and treated water by coagulation and BAC process at 25o C. 
The chlorine decay profiles of Nepean water (Figure 5.8 (a)) shows that the untreated 
raw water has the highest chlorine decay rate. Similarly, the chlorine decay was quite 
fast in both the BAC effluent treated at 20 minute EBCT and direct coagulated water 
with 10 mg-Fe3+/L coagulant dose. On doubling the coagulant dose improved the 
chlorine stability of the water resulting 0.39 mg-Cl/L residual chlorine concentration 
after 168 hours. The chlorine decay results clearly reflect that the individual 
performances of both BAC and coagulation had higher chlorine demand even with 
the higher coagulant dose; 20 mg-Fe3+/L, chlorine demand was 86% of the initial 
chlorine dose after 72 hours which indicates that both individual processes were not 
preferentially removed chlorine reactive compounds of DOC.  
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(a) 
 
 
(b) 
 
Figure 5.8: Performance of BAC and coagulation in stabilizing residual chlorine 
concentration (initial chlorine dose: 2.75 mg-Cl/L) (a) chlorine decay profiles over 
168 hours at 25 oC (b) comparison of 72 hour chlorine demand with DOC in the 
treated water.   
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The residual chlorine stability increased markedly when the biologically treated 
water was subjected to the coagulation (Figure 5.8). After addition of coagulant on 
BAC treated water at 20 minute EBCT had a residual chlorine concentration of 22% 
and 43% of the initial dose with 10 mg-Fe3+/L and 15 mg-Fe3+/L, respectively after 
168 hours. However, the water treated with direct coagulation with 20 mg-Fe3+/L 
coagulant dose had only 14% of residual chlorine concentration of the initial dose 
after 168 hours. As illustrated in Figure 5.8 (a) and (b), for the same removal of 
DOC, the direct coagulation with 20 mg-Fe3+/L of waters resulted in marginal 
improvement of chlorine stability compared to the BAC treatment followed by 
coagulation with 10 mg-Fe3+/L. These observations suggest that the preferential 
removal of more chlorine demanding components of DOC which are mainly 
composed of LMW, hydrophilic fraction of DOC (non-coagulable DOC) (Zhao et al. 
2009) by the BAC process followed by the coagulation increases the chlorine 
stability of the water markedly. However, further experiments are necessary to 
clearly identify the role of hydrophobic and hydrophilic fraction of NOM on chlorine 
demand.  
In summary, using 10 mg-Fe3+/L coagulant dose for BAC treated water can achieve 
higher chlorine stability than the water treated with 20 mg-Fe3+/L coagulant dose 
alone. As with the synergised removal of more chlorine reactive organic matters by 
BAC/coagulation not only stabilize the residual chlorine concentration and protect 
the public health from pathogenic microbes but may also minimise the formation of 
DBPs. 
5.4. Conclusion 
This study was undertaken to investigate the applicability of BAC treatment process 
to improve the coagulability and address the emerging challenges faced by utilities to 
remove more NOM. Thus, the BAC followed by coagulation was studied mainly in 
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terms of DOC removal and chlorine stability. Additionally, organic matter 
characteristics of the water treated by BAC and coagulation were compared.  
Application of BAC treatment process was very effective to enhance the DOC 
removal by subsequent coagulation process resulting in low coagulant dose 
requirement to achieve a given DOC removal. The DOC removal was found to be 
high in BAC treated water with 10 mg-Fe3+/L coagulant than the raw water treated 
with 20 mg Fe3+/L of coagulant alone.  
The less coagulant dose requirement leads to reduce the sludge formation for the 
given amount of DOC removal thus, reduce the settling time as well as plant run 
time. 
Moreover, BAC is effective in combination with coagulation as BAC adsorbs the 
fraction of DOC that cannot be removed by the coagulation mainly the LMW 
fraction (building blocks and LMW neutrals) and may convert to coagulable form 
and improve the flocculation process.  
Further, the enhanced organic matter removal by the BAC treatment process reduces 
the chlorine demand markedly than the direct coagulation process. 
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Chapter 6 
 
Distinct Advantages of the 
Adoptation of BAC/EC Over 
EC/BAC Combination    
 
6.1. Introduction 
All natural water sources contain NOM which is a heterogeneous mixture of organic 
compounds. The NOM can be classified based on the origin into two types; (i) 
autochthonous NOM (internal), mainly including compounds derived from algae, 
cyanobacteria (algal organic matter) and other microorganisms, such as biopolymers 
and EPS which are mainly high MW compounds, and (ii) allochthonous NOM 
(external), LMW of terrestrial origin dominated by HS; mostly humic and fulvic 
acids (Pivokonsky et al. 2015; Su et al. 2017). As all the forms of NOM can cause 
aesthetic concerns (i.e., colour, taste and odour) (Fabris et al. 2008; Owen et al. 
1995), undesirable health effects associated with DBPs (Gang et al. 2003), microbial 
growth in distribution networks (Escobar et al. 2001) or reduction in the efficiency of 
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treatment performance, it is desirable to remove as much NOM as possible during 
the treatment process (Lee et al. 2004).  
Coagulation is an important unit operation in the water treatment plants used as an 
economically feasible option for the removal of NOM and particulate matters. 
Traditionally, coagulation has been employed in the drinking water treatment process 
to remove turbidity, colour and to some extent pathogens, hence, the baseline 
coagulation conditions are optimised for the removal of turbidity and colour (Budd et 
al. 2004).  Whereas, EC refers to coagulant dose and pH conditions optimised for 
organic matter reduction and thereby control the formation of DBPs (Matilainen et 
al. 2010b). The coagulation process involve charge neutralization of colloidal NOM 
using a chemical coagulant, entrapment and adsorption and complexation of 
dissolved organic matter with coagulant into an insoluble particulate aggregates 
(flocs), thus, the impurities can be removed by subsequent solid/liquid separation 
process (filtration) (Matilainen et al. 2010b; Sillanpää et al. 2015a). Generally, 
chemical coagulation is achieved by the addition of inorganic coagulants, such as 
aluminium (Alum-aluminium sulfate) and iron (ferric chloride) salts (Duan et al. 
2003).  
The removal of DOC during the coagulation has been predicted using several 
empirical and semi-empirical models (Edwards 1997; Harrington et al. 1992; Kastl et 
al. 2004; Van Leeuwen et al. 2003) and more accurate prediction of DOC removal by 
EC over a wide pH range was proposed in the model developed by Kastl et al. 
(2004). This model assumed that the removal of DOC by EC is mainly occured by 
adsorption to the metal hydroxide flocs and explained by considering three 
conceptual fractions of NOM; non-sorbable, HS and non-polar. The non-sorbable 
fraction which represents 20-50% of DOC is not amenable to coagulation at any pH 
or any practical coagulant dose. Conversely, the hydrophobic HS comprised of 
humic and fulvic acids can convert into their associated (non-ionised) form by 
lowering the charge density, therefore, the removal of HS depends on the pH while 
the non-polar fraction of DOC is adsorbed irrespective of pH (Kastl et al. 2004). 
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Eventually, the coagulation process removes around 20-30 % of NOM (Kastl et al. 
2004; Singer et al. 2002). 
Thus, the removal efficiency of NOM by coagulation is greatly dependent on the 
nature of the NOM, such as their electrostatic charge, structure, MW and 
hydrophobicity, type of coagulant and dosage, chemical characteristics of the water 
such as pH, temperature, alkalinity, and presence of divalent cations (Cao et al. 2011; 
Jarvis et al. 2004). Moreover, hydrophobic high MW fractions of NOM are more 
easily removed by the coagulation than the LMW, hydrophilic organic matters 
(Korshin et al. 2009; Matilainen et al. 2010b; Sharp et al. 2006a)      
These observations suggest that there could be a residual fraction of DOC which is 
not amenable to the coagulation irrespective of the increased coagulant dose. The 
remaining fraction of DOC is mainly composed of more hydrophilic and LMW 
portion of NOM (BOM) which are mainly responsible for higher chlorine demand, 
DBP formation including highly toxic brominated and iodinated DBPs and bacterial 
re-growth in distribution systems (Chang et al. 2001; Hua et al. 2007; Zhai et al. 
2014; Zhang et al. 2016).  
The BAC process is commonly used in drinking water treatment as the combination 
of adsorption with biodegradation processes in BAC can result in the removal of 
organic matters including BOMs (Urfer et al. 1997b), micropollutants (Zhang et al. 
2017a), certain heavy metals (Xing et al. 2017) and taste and odour causing 
compounds (Dussert et al. 1994). In addition, BAC requires low capital cost, less 
frequent regeneration of the carbon and therefore has low energy requirements (Lin 
et al. 2001; Mohajerani et al. 2009). Advanced oxidation processes such as 
ozonation, UV, H2O2 treatments, improved the biodegradability of the organic 
matters by oxidising them into LMW compounds, therefore, they are generally 
followed by BAC treatment to further remove DOC and to reduce the potential of 
microbial growth (Buchanan et al. 2005; Takeuchi et al. 1997; Toor et al. 2007). In 
the water treatment train, the BAC is the usual biological treatment used to have after 
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advanced oxidation processes and coagulation to enhance the removal of organic 
matters. However, BAC treatment before the coagulation may improve the removal 
of organic matter as the microbial activities inside the BAC bed can change the 
structure of the organic matters and can convert them into coagulable form (Aryal et 
al. 2011b; Aryal et al. 2012).     
Despite the BAC positive impacts on producing more biostable water, the 
involvement of biofilm in the water treatment process cause several negative impacts 
that need to be considered during the configuration of the treatment plant. When 
biofilms are engaged as a part of water treatment process, there is a possibility that 
microbial products such as SMP and EPS, microorganisms and particulate matter are 
released during the passage through BAC (Shen et al. 2016).  The SMPs are soluble 
cellular components that released during the substrate metabolism during biomass 
growth (UAP) and cell lysis during biomass decay (BAP) while the bacteria produce 
EPS that participate in the formation of microbial aggregates (Jarusutthirak et al. 
2007; Laspidou et al. 2002). It has been observed that the biological effluent contains 
compounds with a broad spectrum of MW (0.5-50 kDa) however, exhibit a greater 
amount of high MW compounds (Barker et al. 1999; Namkung et al. 1986). 
Concurrently, the HPC increases with when flowing through the BAC and the 
effluent of two year old BAC showed 6310 HPC/mL (Stringfellow et al. 1993). 
Therefore, when utilising the BAC in the water treatment train, processes need to be 
organised in such a way to minimise the amount of BAC particles leached into the 
finished water.    
Traditionally, BAC has long been used at the end of the water treatment train. Thus, 
this study investigates the synergistic effects of using BAC before and after the 
coagulation in terms of DOC removal and chlorine stability. Further, this study 
aimed to rethink of the current configuration of using BAC as the last polishing 
treatment before disinfection. 
151 
 
Chapter 6                                             Distinct advantage obtained by BAC/EC over EC/BAC 
 
6.2. Materials and Methods 
6.2.1 Source water 
Untreated surface water collected from Mardi water treatment plant, Wyong, NSW, 
Australia was used in this study. Water from Mardi Dam (capacity 7.4 GL) which is 
located south-west Wyong is pumped to the Mardi Treatment plant. Mardi Dam is an 
earth fill dam and further, filled by pumping water from Wyong River and Ourimbah 
Creek. The Mardi water treatment plant uses coagulation followed by direct filtration 
treatment. 
6.2.2 BAC reactor setup and operation 
Commercially available untreated GAC obtained from Sigma-Aldrich, USA (Table 
3.1) made from peat bog with a particle size of 2.4- 4.6 mm was used to prepare the 
BAC column. The GAC was washed with tap water for several times to remove ash 
and other impurities before use. The BAC column with an internal diameter of 5 cm 
was filled uniformly with GAC up to bed height of 5 cm (GAC bed volume 150 
cm3). The feed flow rate of 7.5 ml/min-1 (EBCT of 20 minute) was delivered by a 
peristaltic pump from the bottom of the column. The treated water was collected 
from a port placed at the top of the column. The backwash was carried out weekly to 
avoid the clogging of the BAC filter (Figure 6.1).  
The BAC column was operated as a continuous up-flow reactor for more than 6 
month. The performance of BAC column was monitored continuously through 
measurement of effluent DOC concentration. After continuous operation (>6 month) 
the DOC removal of the BAC column reached relative steady state condition with a 
reported DOC removal of 15%. In this period of operation, biodegradation processes 
are increasingly important relative to physical adsorption since most of the 
adsorption capacity of GAC is exhausted (Korotta-Gamage et al. 2017c). The BAC 
column operated at this stage was utilized for the experiment. 
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Figure 6.1: BAC reactor setup. 
6.2.3 Analytical parameter measurements 
The DOC concentration was determined using total organic carbon analyser 
connected to an auto-sampler (SHIMADZU TOC-LCPH/ CPN SSM-5000A). As the 
samples were analysed after filtering through pre-washed (with Milli-Q water) 0.45 
µm pore size filter media made from mixed esters of cellulose (Merck Millipore, 
Australia, # HAWG047S6), the measured value is the DOC. 
The chlorine concentration was measured in the samples incubated at 25o C and pH 
7.5 by DPD colorimetric method using a HACH DR 1900 spectrophotometer. Water 
samples were dosed with a chlorine stock solution of 2500 mg-Cl/L prepared by 
diluting a 10% sodium hypochlorite solution in Milli-Q water to 200 mL of the 
sample to give a 4 mg-Cl/L initial chlorine concentration. Similarly, a Milli-Q blank 
sample dosed with the same volume of chlorine to establish 4 mg-Cl/L initial 
chlorine concentration was used along with the samples to estimate the accurate 
initial chlorine concentration. The residual free chlorine concentrations of the 
BAC column 
Feeding 
Tank 
Multichannel 
Pump Head 
Inlet 
Outlet 
153 
 
Chapter 6                                             Distinct advantage obtained by BAC/EC over EC/BAC 
 
incubated samples (at 25o C) were measured up to seven days at certain intervals 
depending on the chlorine decay rate of the samples. The experimental error of the 
chlorine measurement was ±0.03 mg/L. 
6.2.4 Enhanced coagulation 
Standard jar test was performed at room temperature and at pH 5.5 using ferric 
chloride (FeCl3, analytical grade, 98% assay) as the chemical coagulant. The pH 5.5 
was adopted as Kastl et al. (2004) found the removal of organic matters at this pH is 
maximum for ferric coagulant. Different concentrations of ferric chloride coagulant 
of 5 mg-Fe3+/L to 100 mg-Fe3+/L was added to 1 L of collected samples separately 
and the samples were mixed rapidly at a speed of 200 rpm for 2 minute, and followed 
by slow mixing at 20 rpm for 20 minute. During the slow mixing, pH was adjusted in 
the samples to 5.5 using 1 M sodium hydroxide and 1 M sulphuric acid. Flocs were 
allowed to settle for 30 minute before the filtration. 
6.2.5 Size exclusion chromatography 
The NOM characterisation was performed by LC-OCD using SEC technique. The 
system was a model 8 LC-OCD technique and a chromatographic column 
Toyopearls HW-50S which is a weak cation exchange column by Tosoh Bioscience, 
Tokyo/Japan is connected to a Gräntzel thin film reactor developed by DOC-Labor, 
Dr. Huber, Karlsruhe/Germany. The fractionation was based on molecular size where 
smaller molecules being retained for longer in the column due to diffusion into 
smaller pores and elutes after larger molecules (Huber et al. 2011) and quantification 
was carried out using online detectors; fixed wavelength UV detection (UVD 254 
nm), organic carbon detector (OCD) and organic nitrogen detector (OND). 
Before the analysis of samples by LC-OCD, samples were filtered using 0.45 µm 
pore size filter (Merck Millipore, Australia, # HAWG047S6, mixed esters of 
cellulose) to remove any particles present and aliquots (1000 µL) of samples were 
injected via an auto-sampler. A phosphate buffer (28 mmol, pH 6.6) was used as the 
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mobile phase and samples eluted at a flow rate 1.1 mL.min-1. The UVD, OCD and 
OND calibration was based on potassium hydrogen phthalate and potassium nitrate. 
The fractional composition was determined by integration of the area under each 
chromatogram using ChromCALC and DOC-Labour software. The detection limit of 
the LC-OCD system was 10 µg/L (measurement range: 1-5 mg-C/L). 
6.2.6 Experimental setup 
The experimental setup is shown in Figure 6.2. Test-1 was performed to investigate 
the performance of BAC followed by coagulation process. The BAC column 
operated at 20 minutes EBCT that reached the relative steady state of DOC removal 
(> 6 month operation time) was employed for the study. The BAC effluent was 
subjected to coagulation with different coagulant doses (5 to 40 mg-Fe3+/L) at pH 
5.5. The DOC, chlorine decay and characteristics of organic matters by LC-OCD 
were analysed in the treated water.     
Test-2 was carried out to study the performance of coagulation followed by BAC 
treatment in terms of DOC removal and chlorine demand. The Wyong raw water was 
first subjected to coagulation with different coagulant doses (5 to 100 mg-Fe3+/L) at 
pH 5.5 to determine the minimum coagulant dose required to remove all coagulable 
organic matters. Then about 6 L of Wyong raw water was treated with the pre-
determined coagulant dose and filtered through 0.45 µm filter paper (Merck 
Millipore, Australia, # HAWG047S6) to remove all the flocs. The pH of the 
coagulated water was re-adjusted to the original pH of the Wyong water (7.12) and 
phosphorous was added according to the 1:100 carbon to phosphorous ratio as it was 
removed during the coagulation to ensure the favourable environment for microbes 
in the BAC bed. A standard phosphorous solution of 1 g-P/L prepared using 
potassium dihydrogen phosphate was used as the source of phosphorous. The BAC 
column was flushed with Milli-Q water followed by Wyong raw water prior to run 
the coagulated water through the BAC column. Then the coagulated water was 
subjected to the BAC treatment at 20 minutes EBCT (Test-2a) and first 2 L of BAC 
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effluent was discarded to avoid any contamination on changing feed water. The 
DOC, chlorine decay and organic matter characteristics (LC-OCD) was analysed in 
the coagulation/BAC treated water.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Experimental setup to compare the processes BAC/EC and EC/BAC (all 
tests were carried out at room temperature). 
To investigate the possibility of generating the coagulable fraction of organic matters 
after BAC treatment (Test-2b), water treated by coagulation followed by BAC was 
again subjected to coagulation at different coagulant doses (5-40 mg-Fe3+/L) at pH 
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5.5. The performance of coagulation/BAC/coagulation was evaluated in terms of 
DOC removal, chlorine decay and organic matter characteristics.   
Each 200 mL of water samples collected for chlorine measurement were dosed with 
chlorine stock solution to give 4.00 mg-Cl/L initial chlorine concentration and 
residual free chlorine concentrations were measured at 25o C and pH 7.5 in different 
time intervals over a 7 days period. 
6.3. Results and Discussion  
6.3.1 Performance of BAC/EC combination in terms of DOC removal 
The BAC followed by coagulation was investigated in terms of DOC removal. As 
illustrated in Figure 6.3 (a) the Wyong raw water DOC of 5.19 mg/L was reduced to 
4.04 mg/L (22% DOC removal) with 10 mg-Fe3+/L ferric chloride coagulant dose 
and on doubling the coagulant dose, DOC concentration further reduced to 3.43 
mg/L (34% DOC removal) at pH 5.5. Increased coagulant dose further reduced the 
DOC removal where 50% removal of DOC was achieved with 60 mg-Fe3+/L 
coagulant dose, suggesting the requirement of higher coagulant dose for the removal 
of all coagulable DOC. However, additional DOC removal achieved was minimal 
beyond 60 mg-Fe3+/L hence, left a substantial amount of residual DOC in the treated 
water. 
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 (a) 
 
(b) 
 
Figure 6.3: (a) Residual DOC concentration of BAC and coagulation in two 
combinations with FeCl3 coagulant dose (b) performance of BAC and coagulation in 
removing coagulable organic carbon. 
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After about 3 month continuous operation of BAC column using Wyong raw water 
DOC removal stabilised and reached the relative steady state DOC removal where 
the adsorption capacity of GAC became exhausted and biodegradation process was 
increasingly important and attributable to the DOC removal relative to physical 
adsorption process (Lohwacharin et al. 2011). The BAC column was investigated in 
combination with coagulation after more than eight month continuous operation time 
to ensure the resulting effect was mainly from the biological activity in the BAC bed. 
As presented in Figure 6.3 (b), 20 minutes EBCT in BAC reduced the Wyong feed 
water DOC to 4.48 mg/L accounting for 14% DOC removal. 
The coagulation of BAC effluent at different FeCl3 coagulant doses is presented in 
Figure 6.3 (a). The BAC effluent treated at 20 minutes EBCT was subjected to 
coagulation with 10 mg-Fe3+/L coagulant dose resulted in a DOC concentration of 
3.34 mg/L (36% overall DOC removal) and on doubling the coagulant dose DOC 
was further dropped to 2.71 mg/L (48% overall DOC removal). Concurrently, BAC 
effluent treated with 40 mg-Fe3+/L coagulant dose reduced the DOC concentration to 
2.34 mg/L accounting for 55% overall DOC removal which was higher than the 
DOC removal achieved by the direct coagulation with 60 mg-Fe3+/L. Similarly, the 
DOC removal was found to be high in the BAC treated water with 10 mg-Fe3+/L 
coagulant dose than the Wyong raw water treated with 20 mg-Fe3+/L coagulant dose 
alone.  
According to the DOC removal obtained by the combination of BAC/coagulation 
revealed that the coagulation was more effective on BAC effluent treated at 20 
minutes EBCT and reduces the coagulant dose required for coagulation alone (Figure 
6.3 (a)). Less coagulant demand leads to reduction in the sludge production for a 
given amount of DOC removal associated with smaller volume settling equipment 
and eventually save the operating cost and footprint. The further reduction of DOC 
by the combination of BAC/coagulation that was initially non-coagulable with the 
same coagulant dose by the coagulation alone could be possible only if BAC 
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removes this non-coagulable fraction of DOC by adsorption or by conversion into a 
coagulable form.   
6.3.2 Performance of EC/BAC combination in terms of DOC removal 
This section investigates the effectiveness of coagulation followed by BAC treatment 
in terms of DOC removal to understand the possibility of BAC to absorb the non-
coagulable fraction of DOC remained after the coagulation (Figure 6.2, Test-2a). 
This was investigated in two steps. The Wyong raw water was first coagulated with a 
wide range of FeCl3 coagulant doses of 5 mg-Fe3+/L to 100 mg-Fe3+/L at pH 5.5 to 
determine the minimum coagulant dose required to remove maximum coagulable 
organic in surface water. As mentioned in the previous section DOC was gradually 
decreased with increasing coagulant dose although the additional removal of DOC 
was minimal beyond the 60 mg-Fe3+/L (2.60 mg/L DOC). This indicates that the 60 
mg-Fe3+/L was the minimum coagulant dose needed to remove maximum coagulable 
fractions of DOC, thus, the BAC column was fed with Wyong water coagulated with 
60 mg-Fe3+/L. 
When the coagulated water, which comprised of the non-coagulable faction of 
organic matters i.e. mostly hydrophilic, LMW fraction (Volk et al. 2000) having 
DOC concentration of 2.60 mg/L was filtered through the BAC column at 20 
minutes EBCT, DOC was reduced only by 3% to 2.53 mg/L. This result indicates 
BAC removed non-coagulable DOC by adsorption process, however, raises the 
question if BAC can absorb a certain portion of DOC, mainly the BOM that 
otherwise cannot be removed by coagulation is only 3%. This can be explained by 
two processes associated with BAC bed.  
First, the presence of background dissolved organic compounds impacts the 
adsorption of organic matter by BAC and reverse in the concentration gradient can 
occur desorption process. The desorption can occur when the adsorbed compounds 
are displaced by compounds with a higher adsorption affinity, or due to the 
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concentration gradient in the adsorber reverses and adsorbed compounds are released 
into solution by back-diffusion (Corwin et al. 2011; Lohwacharin et al. 2011). The 
BAC column that operated continuously for about eight month was employed in this 
study, at this stage of steady state DOC removal GAC adsorption sites had already 
been saturated with DOC of higher concentration (~ 4.48 mg/L ) and BAC feed 
(Test-2) contained the low concentration of DOC prepared by dosing 60 mg-Fe3+/L 
coagulant. The results suggest that the release of adsorbed dissolved organic matters 
might occur from the 8 month service BAC filter when the influent DOC 
concentration falls below the equilibrium point of the surface DOC concentration of 
the aged BAC (detailed and experimentally proved in Chapter 3). Therefore, the 
adsorption/desorption equilibrium played some role in determining the final DOC 
concentration in the coagulation/BAC treated water.  
Second, when biofilms are employed as a part of water treatment strategy microbial 
products; SMP and EPS will be released into the effluent water (Jarusutthirak et al. 
2007; Laspidou et al. 2002; Namkung et al. 1986). These are microbially produced 
soluble organic materials composed of high MW complex biochemicals such as 
polysaccharides, proteins, amino acids (Carlson et al. 2000; Laspidou et al. 2002). As 
a result, when the BAC treatment adopted after the coagulation process, the release 
of intermediates, end products of microbial process particularly SMP and EPS 
increases the effluent DOC and masked the removal by BAC treatment (Carlson et 
al. 2000) as observed in this experiment. Therefore, a process such as coagulation 
that removes higher MW compounds would be beneficial to combine after the BAC 
treatment.      
In summary, BAC can remove the non-coagulable fraction of DOC by the adsorption 
process, however, due to the adsorption/desorption processes occurs due to the 
concentration gradient reversal and microbial products such as SMP and EPS 
released during the passage through the BAC underestimate the DOC removal 
efficiency.  
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6.3.3 Effect of coagulant on BAC effluent from the evidence of EC/BAC/EC 
The BAC effluent having DOC of 2.53 mg/L obtained after feeding with non-
coagulable (mostly hydrophilic and LMW) DOC was subjected to coagulation again 
(Figure 6.2, Test-2b) possibility of microbial activities in BAC bed to convert non-
coagulable organic matters into coagulable one. The DOC removal by the 
EC/BAC/EC treated water at different coagulant doses are shown in Figure 6.3. 
When the coagulation followed by BAC treated water having DOC of 2.60 mg/L was 
subjected to coagulation again DOC was found to reduce further by 19% to 2.05 
mg/L with 15 mg-Fe3+/L coagulant dose. This was further reduced to 1.95 mg/L 
accounting for 23% removal by second coagulation with 20 mg-Fe3+/L coagulant 
dose (Figure 6.3).  
According to the study of EC/BAC combination, it is clear that the BAC can absorb 
a certain portion of organic matters otherwise cannot be removed by coagulation, 
based on this observation raises the question whether the increased removal 
efficiency in BAC/EC is only a result of adsorption of non-coagulable DOC by the 
BAC bed.  In the study of EC/BAC/EC combination, BAC column was fed with non-
coagulable (mostly hydrophilic) DOC and during the passage through the BAC 
removed 3% of DOC by adsorption process, if the EC/BAC effluent should still be 
non-coagulable, when EC/BAC subjected to coagulation again, DOC cannot being 
reduced with increase in coagulant dose. However, the results (Figure 6.3 (b)) 
indicate the evidence of reducing coagulable DOC and this clearly suggested the 
generation of coagulable DOC by the microbial activities inside the BAC bed. These 
results were further investigated by analysing the organic matter characteristic of 
treated water using LC-OCD. 
In summary, EC/BAC/EC results clearly suggest that the BAC synergised the DOC 
removal achieved by the coagulation by converting non-coagulable organic matters 
into coagulable form in addition to the adsorption process. This makes the DOC 
removal by BAC/EC more effective than the EC/BAC process. 
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6.3.4 Organic matter characteristics of the water treated by BAC/EC and 
EC/BAC 
The changes in the organic components of the treated water by BAC/EC and 
EC/BAC were analysed using LC-OCD. The LC-OCD separates chromatographic 
(hydrophilic) DOC (CDOC) into five fractions of different molecular weights 
biopolymers (≥10000 g/mol), HS (~1000 g/mol), building blocks (300-500 g/mol), 
LMW acids (<350 g/mol) and LMW neutrals (<350 g/mol) (Huber et al. 2011). 
However, this technique does not rely solely on separation based on size, and other 
factors such as structure, charge and polarity influence the results (Newcombe et al. 
1997a). The non- chromatographic DOC, as measured by LC-OCD is referred to as 
hydrophobic organic carbon. 
Figure 6.4 shows the OCD chromatogram of the untreated Wyong surface water 
where the HS was the major constituent representing 57% of the DOC followed by 
LMW neutrals (20%), building blocks (8%), biopolymers (4%) and the LMW acids 
concentration was less than 1 µg/L (not quantifiable amount).      
Comparison of the LC-OCD chromatograms data shows (Figure 6.5) the different 
nature of the organic content of the water treated by different combination of BAC 
and coagulation. As illustrated in Figure 6.5(a), a large proportion of HS were 
removed by the direct coagulation, 30% removal with 15 mg-Fe3+/L coagulant dose 
and increased the removal to 69% with 60 mg-Fe3+/L coagulant dose. Similarly, 
higher removal of biopolymers observed, 53% and 66% with 15 and 60 mg-Fe3+/L 
coagulant dose alone, respectively. However, the second most dominant fraction of 
DOC, building blocks were removed only by 17% and 19% with 15 and 60 mg-
Fe3+/L coagulant dose alone, respectively indicating that the concentration of LMW 
neutrals remains almost constant regardless of the coagulant dose. The building 
blocks concentration was reduced only by 15% of the raw water biopolymer 
concentration with 15 mg-Fe3+/L and increases in the building blocks concentration 
was recorded with increase coagulant dose of 60 mg-Fe3+/L. An increase in the 
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building blocks concentration after coagulation has also been reported in several 
studies as a result of larger MW HS breaking into smaller MW components (Baghoth 
et al. 2011; Umar et al. 2014; Wassink et al. 2011). The building blocks reflect the 
breakdown products of HS hence, a significant reduction in HS by coagulation was 
accompanied by a corresponding increase in building blocks concentration (Baghoth 
et al. 2009). However, the LMW components concentration was high in the water 
treated by direct coagulation. 
 
Figure 6.4: LC-OCD chromatogram of the untreated Wyong water. 
The concentration of the chromatographic fractions after the treatment of BAC/EC is 
shown in Figure 6.5. When 15 mg-Fe3+/L coagulant was added to BAC treated water 
at 20 minutes EBCT higher removal of biopolymers (64%) and HS (66%) were 
observed compared to the removal by direct coagulation with same coagulant dose 
and the biopolymer and HS removal were almost close to the removal achieved with 
60 mg-Fe3+/L coagulant (Figure 6.4(a)). The LMW neutrals which were not affected 
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by the individual coagulation were effectively removed by the combination of 
BAC/coagulation (64% removal). Concurrently, 21% removal of building blocks was 
observed by the BAC/coagulation treatment.  
As mentioned earlier at the dose of 60 mg-Fe3+/L, the minimum required to remove 
most of the coagulable fraction, biopolymers, HS and LMW neutrals were removed 
by 66%, 69% and 19%, respectively. As presented in Figure 6.5, adopting BAC 
treatment after the coagulation improved the total removal of LMW neutrals (55%) 
and HS (75%) while the biopolymers removed by 8%. In other words, when non-
coagulable fraction of DOC was filtered through the BAC column biopolymer 
concentration was increased from 0.07 mg/L (in coagulated feed water) to 0.20 
mg/L. This indicates the released of high MW microbial products such as SMP and 
EPS into the effluent after passage through the BAC. The DOC fraction, biopolymers 
reflect the polysaccharides and some contain proteins and amino sugars which are 
the most abundant component of EPS and SMP (Barker et al. 1999; Laspidou et al. 
2002). 
Moreover, increase in the HS removal marginally after the BAC treatment of non-
coagulable DOC, revealed possibly a certain portion of HS were not coagulable even 
at higher coagulant dose or the removal of HS was masked by the generation of 
coagulable organic matters from non-coagulable ones. The concentration of building 
blocks remained after the coagulation with 60 mg-Fe3+/L was not affected by the 
BAC treatment.  
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 (a) 
 
(b) 
 
Figure 6.5: (a) Residual LC-OCD NOM fractions present in the untreated and 
treated (EC, BAC/EC and EC/BAC) Wyong water (b) comparison of DOC fractions 
in the BAC/EC and EC/BAC treated water. 
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Enhanced performance of coagulant on BAC effluent was investigated by subjecting 
the BAC effluent obtained after feeding non-coagulable DOC to coagulation again. 
The organic matter characteristics of the EC/BAC/EC water were shown in Figure 
6.5. An increase in the removal of biopolymers (71%) and HS (83%) was observed 
coagulating the EC/BAC effluent. The results revealed the evidence of coagulability 
of the increased concentration of biopolymers released after passage through the 
BAC column and generation of coagulable HS by the microbial activities in the BAC 
bed. The concentration of the LMW neutrals was remained almost constant and 
slight increase in the building blocks concentration (Figure 6.5 (b)) was observed 
after the coagulation of EC/BAC effluent indicating that the LMW fractions are not 
easily removed by coagulation.    
In summary, the higher MW biopolymers and HS were better removed by 
coagulation and LMW neutrals remained almost constant regardless of the coagulant 
dose. As illustrated in Figure 6.5 (b), BAC/coagulation effectively removed higher 
MW components, LMW DOC fractions (building blocks and LMW neutrals) 
together with the microbial products releases from the BAC column and HS 
produced from non-coagulable organic matters therefore, BAC synergised the DOC 
removal achieved by coagulation. However, increases in the biopolymers 
concentration and marginal removal of HS were obtained by BAC after feeding with 
coagulated water. 
6.3.5 Chlorine decay performance in the treated water by BAC/EC and 
EC/BAC 
The previous sections clearly showed the effectiveness of the BAC/EC combination 
on enhancing the DOC removal and this section evaluate the reactivity of the treated 
water DOC by BAC/EC and EC/BAC to disinfectants. To investigate this, treated 
water samples by different BAC and coagulation combinations were reacted with 
chlorine at a concentration of 4.00 mg-Cl/L (pH 7.5, 250 C) and residual free chlorine 
concentrations were measured periodically over a period of 168 hours (Figure 6.6). 
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Figure 6.6: Chlorine decay profiles of BAC/EC and EC/BAC treated water over a 
period of 168 hours (initial chlorine dose: 4.00 mg-Cl/L). 
As shown in Figure 6.6, chlorination of Wyong raw water resulted in rapid chlorine 
decay. After filtering through the BAC column at 20 minutes EBCT, chlorine decay 
was marginally improved resulting in 0.10 mg-Cl/L residual chlorine concentration 
after 168 hours and chlorine demand was 86% of the initial chlorine dose after 72 
hours. When the Wyong raw water was subjected to the coagulation, 72 hour 
chlorine demand with 10, 15 and 60 mg-Fe3+/L coagulant dose were 73%. 70% and 
49% of the initial chlorine dose, respectively. This result showed an improvement of 
chlorine stability gradually with the increasing coagulant dose and the requirement of 
larger coagulant dose (60 mg-Fe3+/L) for better chlorine stability. These chlorine 
decay results indicate either the BAC performance alone (removal of LMW 
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compounds) or the coagulation alone (removal of high MW compound) were not 
sufficient in reducing the chlorine demand.    
After incorporating the BAC treatment before the coagulation the chlorine stability 
was increased markedly compared with coagulation treatment alone (Figure 6.6). 
The coagulation of BAC treated effluent with 10 mg-Fe3+/L and 15 mg-Fe3+/L 
resulted in a chlorine demand of 58% and 47%, respectively of the initial dose after 
72 hours. As illustrated in Figure 6.7, better chlorine stability was achieved after the 
combined treatment of BAC/coagulation even with 10 mg-Fe3+/L (3.34 mg/L of 
DOC) and improved further with 15 mg-Fe3+/L (2.78 mg/L of DOC) than the 
coagulation alone with 60 mg-Fe3+/L (2.60 mg/L of DOC). This revealed that a 
greater proportion of more chlorine reactive compounds were removed effectively by 
the performance of BAC/coagulation combination than the coagulation at larger 
coagulant dose.  
As mentioned in previous sections, with 60 mg-Fe3+/L, the minimum required to 
remove most of the coagulable organic matters, 72 hour chlorine demand was 58% 
of the initial chlorine dose and after filtering this through the BAC column at 20 
minutes EBCT chlorine demand was reduced to 55% of the initial dose. If the 
removal of all the coagulable (high MW) and LMW organic compounds (non-
coagulable DOC) by the adsorption process of BAC can reduce the chlorine demand, 
EC/BAC combination should be more effective in reducing the chlorine demand. 
However, as illustrated in Figure 6.7, 72 hour chlorine demand reported with 
BAC/EC-15 mg-Fe3+/L was lower than that of EC-60 mg-Fe3+/L/BAC combination. 
This suggested that in the EC/BAC combination, the reaction between chlorine with 
the organic matters released into the effluent due to the desorption process or as a 
result of microbial activities inside BAC bed, i.e. SMP and EPS and organic matters 
generated from non-coagulable DOC, could be the reason for the change in the 
chlorine demand slightly afterward.   
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Figure 6.7: Comparison of 72 hour chlorine demand with DOC in treated water by 
the combination of BAC/EC and EC/BAC. 
When BAC effluent, obtained after feeding with non-coagulable DOC, was subjected 
to coagulation again 72 hour chlorine demand was reduced to 42% of the initial 
chlorine dose with 15 mg-Fe3+/L coagulant. As mentioned in the previous sections, 
microbes in the BAC bed adsorb certain fractions of DOC and release microbial 
products or more humic-like compounds to be removed by coagulation. Thus, the 
removal of this coagulable fraction of DOC has been shown to increase the chlorine 
stability of the water. 
In addition, there is a difference in the DOC removal and chlorine demand pattern 
observed in this study with Wyong water compared to the Nepean water behaviour 
(observed in the Chapter 5). This is possibly due to the operational failures and 
interruptions occurred (nearly a month) during the long-term performance of BAC 
with Wyong raw water together with the different characteristics of the feed water. 
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However, the DOC removal and chlorine stability agree with the previous chapter 
BAC/EC results.  
In summary, separate removal of high MW fraction of DOC by the coagulation or 
LMW organic compounds (BOMs) by the BAC process did not reduce the chlorine 
demand effectively. The chlorine stability achieved after 168 hours when 10 mg-
Fe3+/L coagulant was added to BAC treated water was higher than the coagulation 
with 60 mg-Fe3+/L alone. The release of more coagulable substance after passage 
through BAC masked the chlorine stability that could be achieved by the EC/BAC 
combination. Further, the production of more chlorine stable water helps to reduce 
the formation of more health concern DBPs.  
6.3.6 Benefits of BAC/EC over EC/BAC processes 
The main advantages of adopting BAC/EC over EC/BAC is summarised in the Table 
6.1. 
Table 6.1: Comparison of the performances of BAC/EC and EC/BAC processes. 
BAC/EC combination EC/BAC combination 
Same amount of coagulant was 
performed better on BAC treated water. 
Reduction in coagulant dose requirement 
reduce sludge production for a given 
amount of DOC removal  
A higher coagulant dose was required to 
achieve the same amount of DOC 
removal.  
Desorption process does not affect on the 
DOC removal by BAC. 
Adsorption/desorption equilibrium 
played a role in determining the final 
DOC concentration.  
Mostly higher MW microbial products 
including SMP and EPS released by the 
BAC effectively removed by the 
coagulation. 
Microbial products such as SMP and 
EPS released during the passage through 
the BAC masked the DOC removal 
efficiency. 
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BAC synergised the DOC removal by the 
coagulation by converting non-
coagulable organic matters into 
coagulable form in addition to the 
adsorption process. 
BAC removed a certain portion of non-
coagulable DOC by adsorption process. 
Effectively removed higher MW 
components, LMW DOC fractions 
(building blocks and LMW neutrals) 
together with the microbial products 
releases from the BAC column and HS 
produced from non-coagulable organic 
matters. 
Biopolymers concentration was 
increased due to remaining microbial 
products i.e. EPS.  
Removal of HS was masked by the 
generation of coagulable organic matters 
from non-coagulable ones.  
Higher chlorine stability was achieved 
with lower coagulant dose. 
Release of more coagulable substance 
after passage through BAC masked the 
chlorine stability.  
6.4. Conclusion 
A series of experimental procedures were developed to investigate the synergistic 
effect of using BAC and coagulation in two combinations in terms of DOC removal 
and chlorine stability. The coagulation was more effective on BAC effluent and 
reduces the coagulant dose required to achieve the same DOC with coagulation 
alone. 
The BAC absorbs a certain portion of organic matters (LMW, hydrophilic) that 
cannot be removed by coagulation and at the same time, microbial action inside BAC 
bed converts non-coagulable organic matter into coagulable ones.     
During the coagulation/BAC treatment, higher MW organic matters were released 
into the effluent (biopolymers, HS) as a result of adsorption/desorption process, 
microbial products (SMP and EPS) released during the passage through the BAC and 
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generation of coagulable organic matters from non-coagulable ones therefore, 
masked the DOC removal. These organic matters released during the passage 
through the BAC which in turn preferably removed by coagulant.  
Individual performance of BAC and coagulation to remove LMW or high MW 
compounds are not sufficient to improve the chlorine stability.  
The chlorine demand was reduced markedly by the BAC/coagulation with 10 mg-
Fe3+/L than the coagulation with 60 mg-Fe3+/L alone. Higher chlorine stability can 
achieved with the combination of BAC/EC using low coagulant dose compared to 
the EC/BAC process.  
The reduction of non-coagulable fraction of DOC by the BAC associated with a 
generation/release of more coagulable DOC by the microbial activities, therefore, 
effective reduction in the chlorine demand was not observed with EC/BAC. 
As a result, BAC/EC combination proved to be more effective than the EC/BAC in 
terms of synergistic DOC removal and enhancing chlorine stability.  
However, further research is necessary to identify the SMP or EPS released by the 
microbes, adsorption of non-coagulable fraction and operating cost of optimising 
BAC/EC compared to EC/BAC. 
The BAC treatment should have to be coupled with coagulation in such way to 
achieve its maximum performance together with a desirable outcome. Therefore, a 
rethink of the current configuration of using BAC at the end of treatment train is 
needed. 
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Chapter 7 
 
Effect of Backwashing BAC on 
Performance on Coagulability of 
Organic Matters in Surface water 
 
7.1. Introduction 
A continuous increase of drinking water quality standards as a result of increase in 
the amount and complexity of NOM (Eikebrokk et al. 2004; Evans et al. 2005; Fabris 
et al. 2008; Korth et al. 2004) imposes the development of both new water treatment 
methods and the necessity for optimization of traditional methods. BAC process is 
one of the advanced water treatment methods emerged with distinct advantages over 
the traditional treatment processes (Korotta-Gamage et al. 2017c). The BAC process 
utilizes the AC as its water filtration media. As the adsorption sites of the AC 
become saturated with organic matters, bacteria inhabit the rough porous surface of 
AC and grow into a significant biomass and with time filter bed becomes 
biologically active (Seredyńska-Sobecka et al. 2006; Simpson 2008). This naturally 
occurring active biofilm continues to process and eliminate organic matters by a 
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combination of adsorption and biodegradation processes (Servais et al. 1994; Zhang 
et al. 1991).  
After continuous operation for about five month, when the adsorbability of AC is 
exhausted, BAC is capable of removing about 91.5% of the adsorbable and 
biodegradable fraction of DOC (Zhang et al. 2010b). The substantial removal of 
BOM by BAC process reduces the microbial growth along the distribution systems 
(Escobar et al. 2001; Hijnen et al. 2014). Concurrently, due to the high DOC removal 
efficiency including BOM, BAC process produces water that is more easily 
disinfected with lower chlorine demand (Prévost et al. 1998; Urfer et al. 1997a) and 
thereby, reduces the undesirable DBP formation (LeChevallier et al. 1992; Liu et al. 
2017a). The BOM is mainly related to the NOM with LMW and hydrophilic in 
nature (Hem et al. 2001) and shown to increase the chlorine demand and DBPs 
formation (Volk et al. 2000) including the formation of more toxic brominated and 
iodinated DBPs (Liu et al. 2014; Yang et al. 2013). Therefore, removal of 
biodegradable compounds by the BAC process improves the bio-stability and more 
likely to reduce the public health risk from toxic compounds.  
In addition, BAC is capable of removing inorganics such as ammonia (Andersson et 
al. 2001; Chung et al. 2005), synthetic organic chemicals such as benzene, toluene 
(Voice et al. 1992), pesticides like atrazine (Van der Hoek et al. 1999), some algae 
toxins (Brown et al. 2006; Newcombe 2002), many trace level organic contaminants 
i.e. pharmaceuticals and personal care products (Justo et al. 2015; Reungoat et al. 
2011), heavy metal including manganese and iron (Burger et al. 2008; Xing et al. 
2017) and taste and odour causing compounds (Dussert et al. 1994). 
The major challenge in the application of BAC in water treatment is the control of 
active microbial biofilm on the AC. The biofilm activity increases with the thickness 
of the biofilm and the critical thickness is termed as ‘active’ thickness and beyond 
this active thickness, it is hard to diffuse the nutrients and oxygen into the biofilm 
(Lazarova et al. 1995). The high adsorption potential of the AC for organic matters 
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and ease of microbial colonization on the porous AC surface utilizing the organic 
matters as a source of nutrient leads to extensive biomass growth on the AC surface 
(Korotta-Gamage et al. 2017c; Scholz et al. 1997). This ultimately results in 
progressive clogging of BAC filter and weakens the biofilm where it does not 
effectively remove organic matters. Mainly, clogging occurs with respect to the 
development of a thicker biofilm comprising filamentous bacteria and fungi (Scholz 
et al. 1997). Generally, low pH (5.5-6.5) and relatively high amount of phosphorus 
present in the influent water supports the growth of large biofilm comprising 
filamentous bacteria (Scholz et al. 1997). This overproduction of biomass expressed 
directly as pressure build-up (where appreciable filtrate flow cannot be attained) and 
bed lifting (Le Bihan et al. 2000; Scholz et al. 1997).  
Under these conditions of progressive clogging, high amount of bacteria and 
contaminants leached into the BAC effluent resulting in high turbidity and suspended 
solids levels with drops in pH and DO levels (Scholz et al. 1997; Simpson 2008). 
Mainly, this exposes water consumers at a risk of pathogenic and/or infectious 
diseases. Therefore, biofilm growth has to be controlled during the BAC operation 
by controlling nutrient loading, temperature fluctuations, using chemical disinfection 
and adopting frequent backwashing (Korotta-Gamage et al. 2017c). Among them, 
periodic backwash is the main operation intervention which is necessary to control 
the biomass growth, ensure the long-term performance of BAC and thereby, maintain 
the effluent water quality.  
The BAC process is used widely for various treatment processes to purify drinking 
water (Hu et al. 2018) and to remove pollutants from industrial waste (Zhang et al. 
2017a). Mainly, in the drinking water treatment process, BAC is used as a post 
treatment to remove LMW compounds produced after an advanced oxidation process 
such as ozonation, UV and H2O2 (Buchanan et al. 2008; Takeuchi et al. 1997; Toor et 
al. 2007). Conversely, the BAC used as a pre-treatment to secondary effluent prior to 
the membrane filtration to reduce the organic foulants and permeate flux in the 
effluent (Pramanik et al. 2015; Shon et al. 2004; Visvanathan et al. 2003). Aryal et 
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al. (2015) showed that combined use of BAC and MIEX increased average flux from 
58 to 89% and MIEX/BAC combination is able to maintain higher flux over a long 
period of time. In addition, BAC has long been used after the conventional 
coagulation process for additional DOC removal. 
Recently, several studies have investigated the effectiveness of BAC before the 
coagulation process. Aryal et al. (2011b) and Aryal et al. (2012) investigated the 
synergistic effect of BAC followed by coagulation combination in enhancing DOC 
removal in secondary wastewater effluents. Research carried out by Korotta-Gamage 
et al. (2016) and Korotta-Gamage et al. (2017a) studied the applicability of BAC 
followed by coagulation process on enhancing DOC removal and on chlorine 
stability in drinking water treatment. The results of these studies suggested that 
introduction of BAC before the coagulation process can improve the effectiveness of 
coagulation in many grounds than the EC/BAC process. 
The synergistic effect of adsorption and biodegradation of BAC process result in the 
removal of BOMs composed of LMW fraction of NOM which is not affected by the 
conventional coagulation process (Korshin et al. 2009; Volk 2001). Mainly, the 
combination of BAC followed by coagulation improves the removal efficiency of 
NOM by removing BOMs and or by converting the non-coagulable organic matters 
into coagulable form (Aryal et al. 2012). Thereby, BAC/coagulation combined 
process improves the DOC removal by subsequent coagulation process (Korotta-
Gamage et al. 2017b). Thus, this synergistic effect reduces the amount of coagulant 
dose need and thus the sludge production (Aryal et al. 2012; Korotta-Gamage et al. 
2017a). In the BAC process, organic, cellular compounds; SMP and EPS are released 
during the metabolism and accumulate in the BAC effluent and impoverish the water 
quality (Jarusutthirak et al. 2007; Laspidou et al. 2002). Because these SMPs are 
composed of high MW organic compounds (Jarusutthirak et al. 2007; Namkung et al. 
1986) they can be easily removed by the subsequent coagulation process. Therefore, 
BAC process can be effectively utilized as a pre-treatment to the coagulation process.      
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It is obvious that the BAC/coagulation combination could offer several benefits 
including additional DOC removal, but the potential of optimization has not been 
well investigated. The control of the BAC biofilm or maintain an active biofilm is the 
key process that improves the BAC performance and backwashing is the most 
common industrial practice of controlling the biofilm growth. The effectiveness of 
the backwash is determined by the selection of correct backwash intensity and 
frequency (Li et al. 2012). Backwashing with high intensity results in insufficient 
removal of accumulated biomass whereas the higher intensity may cause too much 
loss of biomass (Li et al. 2012). To determine the correct backwash frequency it is 
important to understand the BAC performance in between backwash cycles. 
This study aims to investigate how the performance of BAC after backwashing aids 
the BAC/EC combination. In this experiment, BAC effluent samples are collected at 
different intervals one day to 14 days after backwashing and each effluent is 
subjected to coagulation. Then the DOC removal, chlorine demand and organic 
matter characteristics are measured after subsequent coagulation. Further, the 
microbial community responses at different time intervals after backwashing are 
reported to identify any linkages among BAC column operating conditions and 
microbial community structure. Eventually, the results of the BAC performances 
after backwashing are used to propose a backwash frequency which has the potential 
to obtain optimum benefit from the BAC/EC combination.  
7.2. Materials and Methods 
7.2.1 Source water 
Untreated surface water from Mardi water treatment plant, Wyong, NSW, Australia 
was used in this study. Water from Wyong River and Ourimbah Creek is filled to the 
Mardi Dam (capacity 7.4 GL) located south-west of Wyong and pumped to the 
Mardi water treatment plant before being distributed to Wyong area. The Mardi 
water treatment plant uses coagulation followed by direct filtration treatment. 
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7.2.2 BAC reactor setup and operation 
A laboratory scale continuous flow BAC column was designed as shown in Figure 
7.1 in a way that suitable to conduct this experiment. The BAC column was operated 
as an up-flow reactor designed with 4 different ports for feeding surface water, 
backwashing, pressure drop check and an outlet for effluent water collection (Figure 
7.1). The inner diameter of the bottom part of the BAC glass column was 2 cm and 
the top was 8 cm to facilitate backwashing process. The GAC used in this experiment 
was commercially available untreated activated charcoal obtained from Sigma-
Aldrich, USA made from peat bog (Table 3.1) with a particle size of 2.4- 4.6 mm. 
The GAC was washed with tap water for several times to remove ash and other 
impurities before use. 
     
Figure 7.1: BAC reactor setup. 
BAC Column 
Outlet 
Feeding 
Tank 
Multichannel 
Pump Head 
Inlet Backwash port 
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The column was filled symmetrically with 150 cm3 of GAC (bed depth 50 cm). Then 
the untreated Wyong surface water was pumped using a peristaltic pump with 
variable speed to achieve flow rate of 7.5 ml/min to achieve 20 minutes EBCT.  The 
water was fed from the bottom and collected from the outlet at the top. The 
backwash was carried out weekly with water at 18 mh-1 rate for about 10 minutes to 
avoid clogging of the BAC filter. The backwash flow rate was developed from the 
GAC manufactures data based on the pressure drop per mitre bed depth (at 25o C).  
The performance of BAC column was monitored continuously through measurement 
of effluent DOC concentration. After continuous operation (> 5 month) the DOC 
removal of the BAC column reached steady state condition (Korotta-Gamage et al. 
2017c) where the physical adsorption capacity of GAC is exhausted and 
biodegradation process becomes increasingly important relative to the physical 
adsorption process.  The BAC column operated at this stage was utilized for the 
experiment. 
7.2.3 Analytical parameter measurement 
The DOC concentration was measured using total organic carbon analyser connected 
to an auto-sampler (SHIMADZU TOC-LCPH/ CPN SSM-5000A). The samples 
were first filtered through pre-washed (with Milli-Q water) 0.45 µm pore size filter 
media made from mixed esters of cellulose (Merck Millipore, Australia, # 
HAWG047S6) before measuring the DOC. The minimum detection limit of the 
instrument is 4 µg-C/L. 
The chlorine demand was determined by adding 3-4 mg/L of chlorine to 200 mL of 
sample and stored at 25o C in the dark. The samples were chlorinated using a stock 
solution prepared from 10% sodium hypochlorite and Milli-Q blank sample was 
measured with test samples to estimate the accurate initial chlorine concentration. 
Residual free chlorine concentration was measured at 25o C and pH 7.5 using HACH 
DR 1900 spectrophotometer with the DPD colorimetric method. The residual 
chlorine concentrations of the incubated samples were measured for up to seven days 
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at certain time intervals depending on the chlorine decay rate of the samples. The 
experimental error of the chlorine measurement was ±0.03 mg/L. 
7.2.4 Enhanced coagulation 
EC was conducted applying coagulant Ferric chloride (FeCl3) at different doses of 5 
mg-Fe3+/L to 60 mg-Fe3+/L at pH 5.5 before and after the BAC treatment. The pH 
5.5 was adopted as Kastl et al. (2004) found the removal of organic matters at this 
pH is maximum for ferric coagulant. The jar tests were carried out following 
standard protocol for coagulation and flocculation. The samples were subjected to 
rapid mixing at 200 rpm upon addition of coagulant for first 2 minutes and reduced 
to 20 rpm for last 20 minutes. During the slow mixing pH of the samples were 
adjusted to 5.5 using 1 M sodium hydroxide and 1 M sulphuric acid. The settling 
period of 30 minutes was employed for the separation of flocculated particles before 
the filtration step. 
7.2.5 Size exclusion chromatography 
The DOC composition of the treated water was characterized using SEC with 
continuous ultraviolet absorbance (UV254nm), LC-OCD and organic nitrogen 
detection (OND). The system was a model 8 LC-OCD technique based on Gräntzel 
thin film reactor developed by DOC-Labor, Dr. Huber, Karlsruhe/Germany and the 
chromatographic column was a Toyopearls HW-50S weak cation exchange column 
by Tosoh Bioscience, Tokyo/Japan. The SEC fractionation was based on the 
molecular size; smaller molecules being retained for longer in the column due to 
diffusion into smaller pores and elute after larger molecules  (Huber et al. 2011) and 
quantification was carried out using three inline detectors OCD, UV detector (UVD) 
and OND. 
Prior to the LC-OCD analysis, samples were filtered using 0.45 µm pore size filter 
(Merck Millipore, Australia, # HAWG047S6, mixed esters of cellulose). Aliquots 
(1000 µL) of samples were eluted with phosphate buffer (mobile phase) at a flow 
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rate 1.1 mL/min. The chromatograms obtained were interpreted using ChromCALC 
and DOC-Labour software programs. The detection limit of the LC-OCD system was 
10 µg/L (measurement range: 1-5 mg-C/L). 
7.2.6 Microbial community analysis 
7.2.6.1 Sampling 
About 15 cm3 of BAC granules were collected from the top layer of the column 
carefully to minimise disturbances to the packed granules in the column. The BAC 
granules were taken from the top layer of the column as the Boon et al. (2011) 
reported the microbial community organisation of the BAC became more stable and 
even at all of the BAC bed depth after BAC long-term performance (about 80 days). 
The BAC samples were collected at different time intervals after filter backwashing. 
The wet BAC granules were placed in a sterile plastic tube containing 40 mL filter 
sterilised Wyong raw water (filtered through 0.22 µm membrane filter paper (Filter-
Bio® MCE membrane filter Cat No. FBM047MCE022)). Then the sample tube was 
placed in an ultrasonic bath and sonication was carried out for 4-5 minutes to detach 
and disperse the bacterial cells. After allowing them to settle, the suspended bacterial 
cell in the supernatant was collected to another sterilised plastic tube. This step was 
carried out for another two times (not exceeding total sonication time 15 minutes) to 
ensure complete recovery of the biomass in the BAC granules. Approximately 40 mL 
of supernatant was filtered through 0.22 µm filter paper (Filter-Bio® MCE membrane 
filter Cat No. FBM047MCE022) and the filter paper with concentrated biomass was 
placed in a sterilised vial and kept in cold (< -30o C) until analysis.  
7.2.6.2 Extraction of DNA from BAC samples 
The filter paper with concentrated biomass was used to extract the DNA. The DNA 
was separately extracted from each sample by using DNeasy® PowerSoil® Kit (50) 
(Cat No. 12888-50 QIAGEN GmbH, 40724 Hilden, Germany) following the 
182 
 
Chapter 7                                             Effect of backwashing on performance of coagulability 
 
manufactures instructions. The samples were kept in a freezer (< -30o C) until further 
analysis. 
DNA purity was measured using Thermo Scientific NanoDrop™ 2000/2000c 
spectrophotometer. A ratio of absorbance at 260 nm and 280 nm (A260/230) greater 
than 1.8 are typically considered suitable for analysis. This analysis was performed 
with 1 µL of DNA sample. 
7.2.6.3 PCR amplification using 454 sequencing 
For 16S rRNA amplification from 1 ng of the extracted DNA, primer set with 515F 
(GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) 
primers was used. A mixture of gene-specific primers and gene-specific primers 
tagged with Ion Torrent-specific sequencing adaptors and barcodes were used. The 
tagged and untagged primers were mixed at a ratio of 90:10 and the amplification of 
all the samples was achieved with 18–20 cycles, minimising primer-dimer formation. 
The amplified product was confirmed by agarose gel electrophoresis, and PCR 
product was quantified using fluorometry. Then up to 100 amplicons were diluted to 
equal concentrations and adjusted to a final concentration of 60 pM. Templated Ion 
Sphere Particles (ISP) were then generated and loaded onto sequencing chips using 
an Ion Chef (Thermofisher Scientific) and samples were sequenced on a PGM 
semiconductor sequencer (Thermofisher Scientific) for 650 cycles using a 400 bp 
sequencing kit. Typically this kit yielding a modal read length of 309 bp. 
TorrentSuite 5.0 was used to perform the data collection and read trimming/filtering. 
7.2.6.4 Post sequencing process 
Post sequencing process of data was carried out using Quantitative Insights into 
Microbial Ecology (QIIME) (Caporaso et al. 2010b) software package 
(http://www.qiime.org). Maximum sequence length was set at 600 and fast, qual and 
mapping files were used as input for split_libraries.py script with default arguments 
to extract sequences relevant to this study. Then all sequences were groups into 
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operational taxonomic units (OTUs) using pick_otus.py script in QIIME using 
USEARCH method (Edgar 2010). The OTUs were defined at 97% sequence 
similarity and minimum cluster size was 1. Then using the PyNAST default method 
a representative sequence from each OUT was selected and aligned against 
Greengenes imputed core reference alignment using align_seqs.py script (Caporaso 
et al. 2010a). The gaps of the aligned sequence were removed using script 
filter_alignment.py. With default settings- Fast Tree phylogenetic tree and 
Ribosomal Database Project classifier and Greengenes OTUs data set- taxonomy 
assignment were constructed using the script make_phylogeny.py and script 
assign_taxonomy.py, respectively.  
To analyse different aspects of microbial community following were derived using 
alpha_rarefaction. py script, assess the bacterial coverage- rarefaction curve, estimate 
species richness- Chao 1, phylogenetic coverage of OUT- phylogenetic diversity 
(PD), bacterial diversity- Shannon index and statistically estimate similarities 
between clone libraries-  Jaccard index. 
7.2.7 Experimental setup 
Untreated Wyong water was coagulated at different FeCl3 coagulant doses; 5 mg-
Fe3+/L to 60 mg-Fe3+/L at pH 5.5 and analysed the DOC removal, organic matter 
characteristics by LC-OCD and chlorine stability in the coagulated water.  
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Figure 7.2: Experimental setup to investigate how the performance of BAC after 
backwashing aids the BAC/EC combination. 
The BAC column was backwashed with water at 18 mh-1 upflow velocity and bed 
expansion during the backwashing was kept at around 30% (according to GAC 
technical data sheet). The BAC effluent samples were collected one day, 3 days, 4 
days, 6 days, 8 days, 10 days and 14 days after the filter backwashing as illustrated in 
Figure 7.2.  
The BAC effluent samples collected after a predetermined period from the backwash 
were subjected to coagulation at different FeCl3 coagulant doses, 5 mg-Fe3+/L to 40 
mg-Fe3+/L at pH 5.5. Then the effect of time since last backwash on the coagulability 
of organic matters was analysed by measuring DOC concentration, residual free 
chlorine concentration and organic matter characteristics (by LC-OCD) of the water 
treated by the combination of BAC/coagulation process. 
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The BAC granules were collected from the top layer of the column on day 
1,3,4,6,8,10, and 14 after backwashing and DNA was extracted from each 
concentrated biomass sample. The microbial community composition was 
determined using PCR amplification (using 454 sequencing) followed by post 
sequence processing using QIME software package.    
7.3. Results and Discussion  
7.3.1 DOC removal by BAC/EC after BAC backwashing 
The untreated Wyong surface water used in this study had a DOC concentration of 
5.44 mg/L. The DOC level in the untreated Wyong water was reduced to 3.15 mg/L 
and 2.72 mg/L with 20 mg/L and 60 mg-Fe3+/L FeCl3 coagulant dose as Fe3+, 
respectively at pH 5.5. Thus, a higher coagulant dose; 60 mg-Fe3+/L was required to 
achieve 50% DOC removal from Wyong raw water, indicate the requirement of 
additional technologies.  
To obtain the maximum benefit from the combination of BAC/EC, the DOC removal 
of BAC/EC combination after the BAC backwashing was tested. The BAC effluent 
was collected at different times after the last backwash to perform coagulation. The 
DOC removal profiles of BAC/EC obtained at different times from the last backwash 
with the different coagulant doses is shown in Figure 7.3 and 7.4.  
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Figure 7.3: DOC profiles of BAC/EC combination obtained at different time 
intervals from the last backwash with different FeCl3 coagulant dose. 
When the BAC effluent water collected one day after filter backwashing (with 3.94 
mg/l DOC) was subjected to the coagulation DOC was reduced to 3.07 mg/L with 10 
mg-Fe3+/L FeCl3 coagulant dose and to 2.16 mg/L with 20 mg/L coagulant dose 
(Figure 7.3). The DOC removal by coagulation increased from 22% to 45% on 
doubling the coagulant dose to 20 mg-Fe3+/L for the BAC samples collected one day 
after backwashing. Similarly, BAC effluent water collected 3 days after backwashing 
had the DOC concentration of 3.89 mg/L and was reduced to 2.55 mg/L with 10 
mg/L FeCl3 coagulant dose accounting for 34% DOC removal by coagulation and 
removal increased to 58% (1.64 mg/L DOC) on doubling the coagulant dose to 20 
mg-Fe3+/L. As can be seen in Figure 7.3, BAC performance at three days after 
backwashing assists the DOC removal by the subsequent coagulation markedly 
compared to the assistance for BAC/EC coming from one day after backwashing. As 
presented in Figure 7.4, further extension of the BAC effluent sample collection 
interval after backwashing from 4 days to 14 days, DOC removal by the subsequent 
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coagulation process was reduced gradually from 20% to 16% with 10 mg-Fe3+/L 
coagulant dose and from 45% to 27% with 20 mg-Fe3+/L coagulant dose at pH 5.5. 
 
Figure 7.4: Performance of BAC/EC combination compared to EC alone after BAC 
backwashing.  
At steady state, principle DOC removal in BAC reactor occurred due to the 
biodegradation by microorganisms colonized on the GAC. Generally, adsorption 
predominates at the beginning of the GAC column operation and continuous 
operation (> 5 month) leads to saturation of GAC adsorption sites, subsequently, as 
the biofilms grow biodegradation becomes the predominant process (Simpson 2008; 
Velten et al. 2011). The backwashing is necessary to prevent clogging and to 
enhance mass transfer of contaminants to the biofilm (Hozalski et al. 1998). Mainly, 
backwashing removes loosely attached, large microbial aggregates and smaller 
fraction of tightly attached biofilms (Servais et al. 1991). The reduction in the BAC 
performance immediately and one day after backwashing could possibly be due to 
the loss of biomass and lack of time for the biomass to recover back to an active 
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biofilm thickness. Therefore, the deterioration in the performance of BAC at one day 
after backwashing could not effectively assist the DOC removal by the subsequent 
coagulation and additional advantage obtained by the combination of BAC/EC 
compared to the EC alone was low (Figure 7.4).  
Furthermore, during the backwashing, the removal of the biological and non-
biological particles on the BAC bed favoured the oxygen and nutrient diffusion 
towards the biofilm (Niquette et al. 1998; Rasheed et al. 1998). Additionally, the 
effective removal of excess biomass, but not totally removing, helps to rebuild the 
biofilm to pre-backwashing level (Miltner et al. 1995; Persson et al. 2006; Rasheed et 
al. 1998). It is evident from the highest DOC removal (58% with 20 mg-Fe3+/L) was 
achieved by the subsequent coagulation and maximum additional advantage obtained 
compared to EC alone were from the BAC effluent collected three days after 
backwashing. The BAC effluent samples collected three days after backwashing had 
enough time to grow and stabilize the biomass. Then this active biomass is capable 
of removing the biodegradable fraction of organic matters which are not amenable 
for the coagulation (Ribas et al. 1997; Volk 2001) and convert them into a coagulable 
form and synergize the DOC removal efficiency by coagulation. 
Concurrently, the results (Figure 7.3 and 7.4) show the further operation of BAC 
column without backwashing beyond 4 days up to 14 days progressively reduce the 
BAC reactor performance which is evident from the gradual reduction in DOC 
removal by the subsequent coagulation process. The BAC effluent samples collected 
4 days (3.45 mg/L DOC), 6 days (3.59 mg/L DOC), 8 days (3.55 mg/L DOC), 10 
days (3.60 mg/L DOC) and 14 days (3.77 mg/L DOC) after backwashing had a DOC 
removal of 45%, 34%, 35%, 30% and 27%, respectively by the subsequent 
coagulation with 20 mg-Fe3+/L coagulant dose. Similarly, the additional advantage 
that could obtain by the BAC/EC combination compared to EC alone was reduced 
remarkably (Figure 7.4). This observation can be explained by the progressive 
growth of biomass to the level of BAC filter clogging or beyond the active thickness 
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of the biofilm and impair the performance of BAC column which affects on the 
synergized DOC removal achieved by the coagulation.  
In summary, BAC reactor performance deteriorates immediately after backwashing 
but recovers within three days and aid the DOC removal by the BAC/EC 
combination. Hence, according to the results time required to achieve the best 
possible DOC removal by BAC/EC combination from the last backwash was three 
days. Further, the BAC is effective in synergising the DOC removal by the 
combination of BAC/EC during 3-4 days after backwashing. Operation of BAC 
reactor beyond 4 days without backwashing may lead to progressive clogging of 
BAC and results in the reduction of DOC removal by subsequent coagulation.  
7.3.2 Effect of BAC performance after backwash on organic matter 
characteristics of the BAC/coagulation treated water  
The LC-OCD analysis was performed to characterise the organic matter fractions in 
the Wyong raw water before and after treatment. LC-OCD uses SEC to separate 
complex organic mixtures and characterise the NOM. The NOM fractions have been 
defined as hydrophobic and hydrophilic as measured by the LC-OCD (Huber et al. 
2011). The hydrophilic fraction which is referred as chromatographic DOC (CDOC) 
can be divided into five fractions of different MW. They are (a) biopolymers which 
is a hydrophilic non-ionic fraction with high MW (≥ 10000 g/mol) i.e. 
polysaccharides, proteins; (b) HS (~1000 g/mol); (c) building blocks which are 
breakdown products of HS having lower MW (300-500 g/mol) (d) LMW acids (<350 
g/mol) and (e) LMW neutrals which are hydrophilic to amphiphilic in nature and has 
LMW (<350 g/mol) and low ion density i.e. LMW alcohols, aldehydes, ketones, 
sugars and amino acids (Huber et al. 2011). However, the SEC does not rely solely 
on fractionation based on size, other factors such as structure, charge and polarity 
influence the separation and therefore, MW values are not necessarily considered to 
be true MW (Newcombe et al. 1997b).  
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The LC-OCD chromatogram of untreated Wyong water is shown in Figure 7.5 (a). 
The LC-OCD results showed (Figure 7.5 (b)) that Wyong water is mainly composed 
of HS (57%), LMW neutrals (20%) and building blocks (8%). Biopolymers and 
LMW acids are very small fractions where biopolymer represents only 4% and the 
LMW acids concentration was less than 1 µg/L (not quantifiable amount).  
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(b) 
 
Figure 7.5: (a) LC-OCD chromatogram of untreated Wyong water (b) percentage of 
each of the five LC-OCD NOM fractions in Wyong water. 
Direct coagulation of Wyong water at low coagulant dose; 10 mg-Fe3+/L FeCl3 at pH 
5.5, concentrations of biopolymers, HS, building blocks and LMW neutrals were 
reduced by 54%, 7%, 11% and 5%, respectively. With increasing the coagulant dose 
to 40 mg-Fe3+/L, biopolymers and HS concentrations were reduced by 59% and 70% 
respectively. In contrast, there was a relative increase in the building blocks from 8% 
in raw water to 19% of DOC after coagulation with 40 mg-Fe3+/L and the 
concentration of LMW neutrals remained almost constant with the coagulant dose. 
This suggests that a higher coagulant dose was required for better removal of HS 
whereas the LMW fraction of NOM was not affected by the individual process of 
coagulation. 
The removal of biopolymers, HS, building blocks and LMW neutrals (LMW acids 
concentration was less than 1 µg/L in Wyong water) by the combination of 
BAC/coagulation at different effluent sample collection interval after backwashing is 
presented in Figure 7.6. Similar to the DOC removal profiles, results showed that 
when the BAC effluent sample collection interval after backwashing was increased 
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from one day to three days, BAC reactor performance first decreased but then 
recovered resulting in highest removal of HS, LMW neutrals and biopolymers by the 
BAC/coagulation combination. The combination of BAC treatment for the effluent 
samples collected one day after the backwash followed by coagulation with 10 mg-
Fe3+/L coagulant dose reduced the biopolymers, HS and LMW neutrals by 34%, 64% 
and 40%, respectively and when doubling the coagulant dose to 20 mg-Fe3+/L 
observed removal of same fractions were 72%, 81% and 57%, respectively. In 
addition, high building blocks concentration (24-37% of DOC) was observed in the 
treated water.  
Overall removal of dominant DOC fractions was substantially increased for the BAC 
treated samples collected three days after backwashing. When the effluent samples 
collected three days after backwashing was subjected to coagulation overall removal 
of biopolymers, HS and LMW neutrals were 64%, 79% and 66% with 10 mg-Fe3+/L 
and 78%, 91% and 67% with 20 mg-Fe3+/L, coagulant dose, respectively. The 
removal of the clogged particles increased the access of organic contaminants to the 
BAC surface. The continuous operation of BAC column three days from the last 
backwash could allow sufficient time for biomass to grow back into the ‘active’ 
thickness of the biofilm. Possibly, the enhanced microbial activity absorbs the 
fraction of DOC not affected by the coagulation and may help to convert non-
coagulable DOC into coagulable DOC and increase the coagulability performance.  
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Figure 7.6: Organic matter characteristics of BAC treated water collected different 
times after the last backwash followed by coagulation (a) with 10 mg-Fe3+/L (b) 
Wyong raw water with 40 mg-Fe3+/L and BAC treated water with 20 mg-Fe3+/L 
coagulant dose. 
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As can be seen in the BAC effluent samples collected one day after backwashing, the 
building blocks concentration in the water collected on day three after backwashing 
followed by coagulation with 10 and 20 mg-Fe3+/L was 36% and 46% of DOC, 
respectively. An increase in the building blocks concentration has also been reported 
in several studies (Baghoth et al. 2011; Umar et al. 2014; Wassink et al. 2011). The 
building blocks reflect the breakdown products of the HS and especially, the LMW 
fraction of HS (fulvic acids) can be easily converted into building blocks (Huber et 
al. 2011). Probably, the 20 minutes EBCT in the BAC reactor may not be enough to 
biodegrade all the larger MW HS that break down into LMW substances and a 
significant reduction in HS by coagulation was accompanied by a corresponding 
increase in building blocks concentration (Baghoth et al. 2009). 
As presented in Figure 7.6, when the BAC effluent sample collection interval after 
backwashing was further increased from 4 days to 14 days, removal of different 
DOC fractions reduced gradually. In the BAC effluent collected 14 days after 
backwashing overall removal of dominant HS by the BAC/coagulation was 41% 
with 10 mg-Fe3+/L and 42% with 20 mg-Fe3+/L coagulant dose. Similarly, at the 
same effluent collection interval, second most dominant DOC fraction in Wyong raw 
water; LMW neutral removal was remarkably declined by the combined treatment to 
0% (with 10 mg-Fe3+/L) and 17% (with 20 mg-Fe3+/L). These results indicated 
operation of BAC without backwashing beyond 4 days leads possibly to the growth 
of biofilm on the BAC filters and thereby, reduces the BAC reactor performance, 
hence, lowers coagulability. Similar to the previous observations high building 
blocks concentration was observed in the treated samples. 
In addition, the removal of the biopolymers by the combined BAC/coagulation was 
declined with the continuous operation of BAC without backwashing. The remaining 
amount of biopolymers after combined treatment of BAC followed by coagulation 
was 0.08 mg/L for the effluent collected on day three after backwashing and 0.12 
mg/L for the effluent collected on day 14 after backwashing with 10 mg-Fe3+/L 
coagulant dose. The biopolymers can be linked with the extensive growth of 
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microorganisms when BAC operates without backwashing for a longer time (14 
days) and therefore, the release of EPS into the BAC effluent water. Polysaccharides 
which reflect the biopolymers are the most abundant component of EPS (Laspidou et 
al. 2002, 2004b). The EPS are located outside the cell surface and help to 
aggregation of the bacterial cell in flocs and biofilm and stabilize the formation of 
biofilm structure (Garrett et al. 2008; Laspidou et al. 2002). In addition, EPS is also 
one of the factors responsible for the increase in head loss of BAC filter (Laspidou et 
al. 2002). Hence, higher coagulant dose needs to be added to remove the increased 
amount of higher MW biopolymers and this lead to the production of excessive 
sludge. 
The experimental results suggest that a considerable amount of NOM present in the 
Wyong raw water is biodegradable and composed of LMW compounds hence, not 
affected by the individual coagulation process. The most effective reduction of the 
lower apparent MW fractions of DOC by the combined process of BAC/coagulation 
was observed from the BAC effluent collected three days after backwashing. 
Moreover, the relative increase in the more biodegradable LMW fractions in the 
BAC/EC treated water during the operation of BAC without backwashing beyond 4 
days could potentially increase the bacterial regrowth in the distribution system. 
7.3.3 Chlorine stability achieved by BAC/coagulation after BAC backwashing 
Generally, BOMs composed of LMW compounds highly impact on the level of 
disinfectant demand and formation of DBPs (Volk et al. 2000). To determine how 
the BAC reactor performance up to 14 days from the last backwash affect on the 
chlorine stability of BAC/EC combination, treated water samples were reacted with 
chlorine and residual free chlorine concentration was measured periodically over a 
period of 168 hours. The residual chlorine concentration for each sample treated by 
BAC/coagulation over the time is shown in Figure 7.7 and chlorine demand for each 
treatment is shown in Figure 7.8. 
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Wyong raw water subjected to direct coagulation with 10, 15, 20 and 60 mg-Fe3+/L 
coagulant dose were dosed with 4 mg/L initial chlorine and after 168 hours observed 
residual chlorine concentrations were 0.07, 1.02, 1.08 and 1.60 mg-Cl/L, 
respectively. It is evident that the individual coagulation has higher chlorine demand 
(98% of the initial dose with 10 mg-Fe3+/L) and even with the high coagulant dose; 
60 mg-Fe3+/L chlorine demand was 60% of the initial dose after 168 hours. This 
situation could lead to the formation of DBPs and lower the biological stability in the 
water (Gang et al. 2003).   
(a) 
 
 
 
 
 
0.0
1.0
2.0
3.0
4.0
5.0
0 20 40 60 80 100 120 140 160 180
Re
sid
ua
l c
hl
or
in
e 
co
nc
en
tr
at
io
n 
(m
g-
Cl
/L
) 
Reaction time (Hours) 
Wyong raw water (DOC:5.44 mg/L) Wyong + EC 15 mg/L (DOC:3.28 mg/L)
After a day + 15 mg/L (DOC:2.21 mg/L) After 3 days + 15 mg/L (DOC:1.81 mg/L)
After 4 days + 15 mg/L (DOC:1.95 mg/L) After 6 days + 15 mg/L (DOC:2.39 mg/L)
After 8 days + 15 mg/L (DOC:2.49 mg/L) After 10 days + 15 mg/L (DOC:2.52 mg/L)
After 14 days + 15 mg/L (DOC:2.84 mg/L)
197 
 
Chapter 7                                             Effect of backwashing on performance of coagulability 
 
(b) 
 
Figure 7.7: Chlorine decay profiles (initial chlorine dose: 4.00 mg-Cl/L) of the 
treated water collected different times from the last backwash followed by 
coagulation (a) with 15 mg-Fe3+/L (b) with 20 mg-Fe3+/L coagulant dose. 
The water quality in the BAC effluent samples collected three days after backwash 
followed by coagulation had improved significantly in terms of DOC removal mainly 
by the removal of LMW fraction of NOM (LMW neutrals) and this was further 
supported by the residual chlorine concentrations. Residual chlorine concentrations 
after seven days (168 hours) in the treated water by BAC (collected three days after 
backwashing)/ coagulation were 1.74 mg-Cl/L with 10 mg-Fe3+/L, 2.48 mg-Cl/L 
with 15 mg-Fe3+/L and 2.62 mg-Cl/L with 20 mg-Fe3+/L coagulant dose and 
accounted for 57%, 38% and 35% chlorine demand of the initial dose, respectively. 
This suggested that the BAC performance at optimum operating conditions (3 days 
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after backwash) enhance the BOM removal by biodegradation process and synergize 
the performance of coagulation process. Consequently, the removal of high chlorine 
demanding compounds increases the chlorine stability in the treated water markedly.  
In contrast, chlorine stability in the BAC effluent water collected one day after 
backwash followed by coagulation had lower chlorine stability as can be seen in 
Figure 7.7 and 7.8. The observed chlorine demand was 65%, 57% and 47% of the 
initial dose after 168 hours with 10, 15 and 20 mg-Fe3+/L coagulant dose, 
respectively. This is an indication of an insufficient biomass concentration or 
excessively thin biofilm on the BAC one day after the backwash results decreased in 
the removal of BOM and conversion of non-coagulable DOC into coagulable form. 
Further, this reflects the importance of the removal of more biodegradable 
compounds for better chlorine stability.   
Bacterial colonization and proliferation can result in beneficial and detrimental 
effects; it can facilitate the NOM removal, in contrast, it can plug over time and 
cause anaerobic and dead zones due to less oxygen and nutrient diffusion, further, 
detachment of microorganisms from BAC can impoverish the water quality (Gibert 
et al. 2013). This detrimental effect of uncontrolled biomass growth over time can be 
seen from the gradual decline of the chlorine stability (Figure 7.7 and 7.8) when the 
BAC operated beyond 4 days to 14 days without backwashing. The residual chlorine 
concentration in the treated water by the combination of BAC/coagulation was 
dropped from 2.48 mg-Cl/L in the effluent collected on 3 days after backwashing to 
2.06 mg-Cl/L in effluent collected on 4 days after backwashing and gradually to 1.36 
mg-Cl/L in BAC effluent on 14 days after backwashing with 15 mg-Fe3+/L coagulant 
dose and similar behaviour was observed with the other coagulant doses. As 
illustrated in Figure 7.8, chlorine demand was decreased to 68%, 66% and 66% with 
10, 15 and 20 mg-Fe3+/L coagulant dose, respectively for the BAC effluent collected 
on day 14 from the last backwash. In terms of chlorine stability, reduction of the 
BAC performance as a result of clogging negatively affect on removing the chlorine 
demanding organic compounds and on the synergised performance on coagulation. 
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Figure 7.8: 7 days (168 hours) chlorine demand in the treated water collected 
different times from the last backwash followed by coagulation.  
Figure 7.9, compared the chlorine stability results of BAC/coagulation at optimum 
and lowest performance with the individual performance of coagulation. This clearly 
reflects that the BAC effluent collected three days after backwashing followed by 
coagulation had improved the chlorine stability in the water remarkably. As 
presented in Figure 7.9, for the almost same removal of DOC, biological treatment; 
effluent collected on 3 days after backwash followed by coagulation with 10 mg-
Fe3+/L has higher chlorine stability than the water treated by direct coagulation with 
60 mg-Fe3+/L.  
However, when the BAC operated without backwashing for 14 days and subjected to 
coagulation the chlorine stability was marginally improved compared to the direct 
coagulation performance. This results clearly showed that the BAC performance at 
optimum condition (three days from the last backwash) synergised the performance 
of coagulation in terms of residual chlorine stability by removing more chlorine 
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demanding components mainly LMW organic matter fractions from the water. The 
BAC/EC combination reduces the sludge production by 6 times as opposed to EC 
alone and hence has the great potential to implement in the water treatment plant.  
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(b)
 
Figure 7.9: Comparison of chlorine decay profiles of the treated water by direct 
coagulation and combination of BAC/coagulation at BAC performance of (a) three 
days (b) 14 days from last backwash.  
In addition, chlorine stability is an important parameter ultimately to regulate the 
DBP formation and to reduce the cost of disinfection which decides the treatment 
strategy for the removal of NOM in drinking water treatment process. 
7.3.4 Microbial community analysis 
To study the linkage among BAC reactor performance after backwashing and the 
microbial community structure 454 pyrosequencing was employed. A total number 
of 28,100 sequences were generated from seven samples of BAC collected at 
different times from last backwash. To compare the diversity indices, the sequence 
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number of each sample was normalized to 19,673 (fewest among seven samples). 
Rarefaction curves were generated based on a 97% sequence similarity (Figure 7.10)  
the results indicated that the higher percentage of the bacterial communities were 
captured and therefore, could represent the majority of the bacterial diversity in the 
BAC column.     
 
Figure 7.10: Rarefaction curves for Shannon index in the biofilm samples collected 
at different intervals after BAC column backwashing at 97% sequence similarity. 
The Shannon’s diversity index indicates the species diversity and evenness while the 
Chao1 represents the richness of the species in the microbial community. According 
to the Table 7.1, Shannon and Chao 1 indices dropped slightly after the backwashing 
and increase in the species diversity, evenness and richness were observed in the 
BAC biofilm three days after backwashing. However, highest diversity ranging from 
8.04 to 8.40 was observed in the all seven samples collected at different times after 
backwashing and species diversity and richness was changed very slightly with time. 
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These results further indicate that the BAC granules which were taken from the BAC 
column operated for more than five month were more diverse and stable. 
Table 7.1: Community richness and diversity indices for BAC biofilm samples 
collected after backwashing.  
Sample 
Observed speciesa 
(Average) 
Shannon Indexa Chao1 Averagea 
After a day 1426 8.19 2075.83 
After 3 days 1558 8.40 2321.48 
After 4 days 1446 8.41 2019.21 
After 6 days 1426 8.19 2116.63 
After 8 days 1371 8.04 2020.66 
After 10 days 1450 8.16 2181.24 
After 14 days 1482 8.24 2198.25 
a Sequence per sample normalized to 19673 
Of all the sequences, 35 bacterial phyla and 522 microbial genera were detected. The 
dominant phyla (with relative abundance >1% in any given sample) is presented in 
Figure 7.11. As showed in Figure 7.11, 63-71% of the total sequences belonged to 
phyla Proteobacteria and the other main phyla were Bacteroidetes (9-15%), 
Planctomycetes (4-7%), Verrucomicrobia (2-5%), Acidobacteria (3-4%) and 
Actinobacteria, Cyanobacteria and Chlamydiae with less than 2% relative 
abundance. The classes, Alphaproteobacteria (26-36%) and Betaproteobacteria (18-
30%) were the most abundant group in all the seven BAC samples followed by 
Saprospirae, Planctomycetia, Gammaproteobacteria and Deltaproteobacteria were 
the other classes dominant in order of abundance (Figure 7.12).     
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Figure 7.11: Relative abundance of the dominant bacteria phyla at different intervals 
after backwashing. ‘Other phyla’ represent the total representation of bacteria phyla 
with relative abundance <1% in any given sample. 
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Figure 7.12: Relative abundance of the dominant bacteria classes found at different 
intervals after backwashing. ‘Other bacterial classes’ represent the total 
representation of bacteria classes with relative abundance <1% in any given sample. 
The Alphaproteobacteria was the most abundant bacterial class among the collected 
biofilm samples except for the two samples collected on day one and day 3 after 
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BAC filter backwashing which was dominated by class Betaproteobacteria. These 
results together with other studies confirm the abundance of Alphaproteobacteria and 
Betaproteobacteria in the BAC filter bacterial population (Kaarela et al. 2015; 
Kasuga et al. 2007; Kim et al. 2014; Liao et al. 2013).  
In addition, presences of some microorganisms belong to class Alphaproteobacteria 
that degrade a variety of environmental pollutants were observed in the BAC biofilm 
samples. Microorganisms from genus Bradyrhizobium; biodegrade environmental 
pollutant such as alkylphenols (Rulianti et al. 2007), Hyphomicrobium; biodegrade 
organophosphorus insecticides (Wang et al. 2010) Rhodobacter; remove certain 
heavy metals and Sphingomonas; degrade polycyclic aromatic hydrocarbons 
(Baboshin et al. 2011) were found in BAC samples. 
The relative abundance of Betaproteobacteria was showed to decrease (29% to 18%) 
when BAC operated one to 14 days without backwashing. As the microbes belong to 
the class Betaproteobacteria was considered to contribute for BOM degradation 
(Yang et al. 2011), reduction in the abundance of this group of bacteria in the BAC 
samples reflects the decreased coagulability performances in terms of DOC removal 
and chlorine stability when BAC operated without backwashing for a long time.  
On the other hand, the relative abundance of class Gammaproteobacteria was shown 
to increase from 5% to 16% of the total sequences with the continuous operation of 
BAC without backwashing and this difference was more pronounced at the genus 
level (Appendix F: Table F-1). The relative abundance of Pseudomonas, dominant 
genus group of the class Gammaproteobacteria was 0.5% in the biofilm sample 
collected one day after backwashing and increased to 10% in the sample collected on 
day 14 from the last backwash. Continuous operation of BAC column for a longer 
time without backwashing allows the excessive growth of biomass on the BAC that 
can clog and limit the diffusion of oxygen and nutrients into the biofilm (Simpson 
2008). The ability of Pseudomonas to thrive in harsh conditions could be the reason 
for its increased number of abundance during the BAC performance without 
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backwashing for 14 days. Further, some species of the genus Pseudomonas are 
opportunistic pathogens, therefore, a microbial breakthrough that can occur into the 
effluent by continuing the BAC operation longer time without backwashing can 
increase the risk of pathogenic diseases.  
The results showed that there were some slight variations in the abundance of the 
bacterial community in the samples collected at different times after BAC column 
backwashing. Relative abundance of the most bacterial classes such as Saprospirae, 
Deltaproteobacteria, Solibacteres, Pedosphaerae, Opitutae, Flavobacteriia decreased 
slightly on day 1 after backwashing and increased on day 3 and then gradual 
reduction was observed with increasing the sample collection interval after 
backwashing to 14 days. This suggests that the bacteria whose relative abundance 
decreased after backwashing was derived from the microorganisms that easily 
stripped from BAC by backwashing. Besides, a higher reduction in the abundance of 
the microbial community might be seen if the BAC biofilm samples are collected 
immediately after the backwashing. 
To compare the similarities between bacterial communities among the biofilm 
samples collected at different intervals after backwashing, cluster analysis was 
performed using Jaccard index grouping OTUs having 97% sequence similarity 
(Figure 7.13). According to the Figure 7.13, 70% highest similarity was observed 
among all the biofilm samples collected at different intervals after backwashing. The 
clustering results also indicated that the BAC performance without backwashing for 
14 days had caused minor variations within the microbial community structure in the 
BAC granules.     
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Figure 7.13: Cluster analysis (at 97% sequence similarity) of BAC biofilm samples 
collected at different intervals after backwashing based on Jaccard similarity index. 
As a complete contrast to the study of BAC microbial community, canonical 
correspondence analysis (CCA) was performed to discern the genus level microbial 
community structure using physiochemical parameters. As illustrated in Figure 7.14 
six analysed physiochemical variables that included in the CCA triplot were DOC 
removal by the BAC/coagulation, 72 hour chlorine demand, biopolymers, HS, 
building blocks and LMW neutrals concentration in the treated water by the 
combination of BAC/coagulation with 20 mg-Fe3+/L.  
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Figure 7.14: Canonical correspondence analysis (CCA) diagram illustrating the 
relationship between the genus-level community structure of BAC biofilm samples 
collected at different intervals after backwashing and environmental variables. 
According to the Figure 7.14, high DOC removal by the combination of 
BAC/coagulation with 20 mg-Fe3+/L FeCl3 coagulant dose was observed when the 
feed water was processed by the bacterial community living in the BAC after 3 days 
of backwashing. Similarly, when the BAC processed water collected on day 14 after 
backwashing was subjected to coagulation with 20 mg-Fe3+/L coagulant dose, higher 
concentration of biopolymers, HS, LMW neutral and higher 72 hour chlorine 
demand was observed. Higher building blocks concentration in the BAC/coagulation 
treated water was observed with the removal of more HS (Section 7.3.2). Therefore, 
higher building blocks concentration was observed when the bacterial community 
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living in the BAC during 6-10 days after backwashing processed the feed water and 
subjected to coagulation with 20 mg-Fe3+/L coagulant dose.  
In summary, 454 pyrosequencing analysis showed that the bacterial community in 
the BAC had a high diversity. The bacterial community diversity, richness and 
relative abundance of certain bacterial communities dropped after backwashing and 
increased within 3 days. A slight change was observed in the relative abundance of 
microbial community when the BAC column was operated beyond 4 days (up to 14 
days) without backwashing and considerably stable over the time. This suggests that 
the increase in the biofilm thickness beyond its active thickness might be the reason 
for the impairment of the BAC performance with increasing BAC operation time 
without backwashing. 
7.3.5 Possible time to implement backwashing 
Backwashing is the major operation control on the efficiency of BAC filter. The 
main idea of this study is to understand how BAC performed in synergising the 
coagulation three days or beyond three days after backwashing and is there a benefit 
of operating the BAC without backwashing for a long time. In order to meet the 
experimental objectives of achieving maximum assistance for BAC/EC combination 
in terms of DOC removal, chlorine stability and bacterial cycle backwash frequency 
should be carefully implemented to the BAC column. Usually, backwash frequency 
is employed by monitoring pressure build-up caused by clogging across the reactor. 
However, as this study focused on obtaining the maximum assistance for the 
combination of BAC/EC process, the performance of BAC after backwashing at 
1,3,4,6,8,10 and 14 days from the last backwash in combination with coagulation 
was evaluated to understand the time at which the backwash should be implemented.  
According to the DOC removal and chlorine stability results, the time required from 
the last backwash to achieve optimum DOC removal and chlorine stability by the 
combination of BAC/EC was three days and the maximum additional advantage 
obtained compared to the EC alone was also at the three days after backwashing. 
211 
 
Chapter 7                                             Effect of backwashing on performance of coagulability 
 
Similarly, highest removal of LMW organic matters together with the HS and 
biopolymers by the combination of BAC/EC were observed at the BAC performance 
three days after backwashing. Concurrently, the operation of BAC without 
backwashing beyond 4 days to 14 days DOC removal and chlorine stability were 
marginally improved compared to the EC alone. In considering the microbial 
community structure in the BAC bed after backwashing considerable reduction in the 
bacterial abundance and diversity was observed at day one from the last backwash 
and increased during three days from the last backwash. 
The possible backwash cycles that could be adopted to obtain optimum benefit from 
the combination of EC/BAC is illustrated in Figure 7.15. The backwashing at a 
higher frequency substantially reduce the amount of active biomass in the BAC and 
increased the movement of slightly fluidised BAC grains in a random manner 
(Persson et al. 2006). Further, loss of biomass may lead to thin biofilm which is too 
weak to provide sufficient removal of organic matters (Scholz et al. 1997). 
Therefore, daily backwashing could potentially lead to unstable BAC reactor 
performance and does not allow biofilm to recover to active level before the next 
backwashing cycle.  
According to the assessment of the behaviour of BAC after backwashing suggest that 
the maximum assistance for the combination of BAC/EC is coming from the three 
days after the last backwash and therefore, on an average, the BAC column has to be 
maintained at the operational level of three days (from the last backwash). Even 
though the performance of BAC/EC in terms of DOC removal and chlorine stability 
reduced gradually beyond the three days from the last backwash, backwashing has to 
implemented at some point between three days to 14 days because the long-term 
performance of BAC without backwashing impair the BAC performance as a result 
of clogging phenomena. The uncontrolled biomass lead to clogging and limit the 
oxygen and nutrient diffusion into the BAC biofilm (Simpson 2008). 
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(a)
 
(b) 
 
Figure 7.15: Advantage obtained by the combination of BAC/EC compared to EC 
alone at different backwash cycles in terms of (a) DOC concentration (b) 7 days 
chlorine demand.  
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However, backwashing immediately after three days may result in an apparent loss 
of biomass and cause sudden interruption to the BAC behaviour (Figure 7.15-once in 
4 days frequency). Therefore, utilise the time that BAC stays at a reasonable level of 
DOC removal and chlorine stability from the last backwash for a while would be 
beneficial and can minimise the sudden drop in the BAC performance.  
According to the Figure 7.15, it is clear that adopting the once in five days backwash 
frequency, allows BAC to operate at its optimum conditions for a while and aid the 
performance of coagulability in terms of DOC removal and chlorine stability. On the 
other hand, the operation of the BAC column without backwashing beyond four days 
has not provided any additional benefit from the BAC/EC combination compared to 
the individual performance.  
At the same time, further research need to be carried out employing several BAC 
column operate at different backwash frequency to identify and confirm the best 
possible time to implement the backwashing.  
In addition, it is important to carry out further research to identify the best possible 
backwash intensity which is not too high to cause too much loss of biomass and 
reduce the BAC reactor performance (as observed in this experiment) and not too 
low to result in insufficient removal of clogged particles and accumulated biomass. 
By optimising the backwash intensity sudden drop in the DOC removal and chlorine 
stability after backwash and recovery time of biofilm that required to grow and 
stabilised can be minimised.  
In summary, optimum performance of BAC that effectively aids the subsequent 
coagulation process can be utilised by adopting once in five days backwash 
frequency. 
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7.4. Conclusion 
This study evaluated how the BAC is performed after backwashing to aid the DOC 
removal and chlorine demand reduction by the BAC/EC combination. Laboratory 
scale BAC column was employed for the study and BAC effluent samples collected 
at different intervals after backwashing were subjected to coagulation. The 
coagulability performance was evaluated in terms of DOC removal, chlorine decay 
and characteristics of the NOM fractions in the treated water. Further, microbial 
community was analysed in the BAC biofilm samples at different interval after 
backwashing. 
DOC removal in the BAC column which operates at steady state condition took place 
via biodegradation and adsorption process. The performance of BAC/EC in terms of 
DOC removal dropped after the backwash and improved quickly within the first 
three days (to 58% with 20 mg-Fe3+/L coagulant dose) from the last backwash and 
thereafter declined gradually over the next 11 days after backwashing (to 27% with 
20 mg-Fe3+/L coagulant dose). 
The LC-OCD analysis was able to identify the NOM fractions that are of concern in 
drinking water treatment. Consistent with the DOC removal profile, the highest 
overall removal of biopolymers (78% with 20 mg-Fe3+/L), HS (91% with 20 mg-
Fe3+/L) and LMW neutrals (67% with 20 mg-Fe3+/L) were observed with the BAC 
effluent collected on day three after backwashing. The apparent removal of the LMW 
fraction of NOM (LMW neutrals) was reduced remarkably when the coagulation was 
performed on BAC effluent samples collected beyond three days after backwashing.  
Similar to the behaviour of DOC removal by the BAC/EC performance, the initial 
drop in the chlorine stability after backwashing was improved quickly within three 
days from the last backwash and decreased gradually when BAC operated without 
backwashing beyond 4 days to 14 days. The enhanced removal of LMW 
biodegradable compounds by the BAC process at optimum operation conditions (3 
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days from the last backwash) assist to reduce the chlorine demand and biologically 
stabilizes the water.  
The BAC treated effluent collected three days from the last backwash followed by 
coagulation with 10 mg-Fe3+/L coagulant dose performed better than the individual 
performance of coagulation with 60 mg-Fe3+/L dose in terms of chlorine stability. 
The 454 pyrosequencing analysis results showed that the backwashing caused 
disturbance in the diversity, richness and abundance of microbial community, 
however, quick recovery was observed within 3 days after backwashing. The 
microbial community structure was changed slightly during the 4 to 14 days after 
backwashing.  
All these observations after backwashing suggest that adopting a correct backwash 
frequency is a critical factor in the establishment of a long-term BAC performance. 
The time required to achieve the best possible DOC removal and chlorine stability by 
BAC/EC and maximum additional advantage obtained compared to EC alone was 
three days from the last backwash and during the 3-4 days from the last backwash, 
BAC/EC performance stays at a reasonable level. Operation of BAC beyond 4 days 
without backwashing lead to BAC filter clogging and impairs the BAC/EC 
performances possibly due to the increase in the biofilm thickness which limits the 
diffusion of oxygen and nutrients into the biofilm. Optimum assistance for BAC/EC 
combination can be obtained by implementing the backwashing once in every 5 days.  
However, further investigations are necessary to confirm the proposed backwash 
frequency and to determine the behaviour of biofilm thickness. At the same time, it is 
important to carry out investigations to identify the backwash intensity which 
minimise the sudden drop in the DOC removal and chlorine stability after backwash.
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Summary and Conclusion 
 
8.1. Summary 
The coagulation is the most widely used process for removal of DOC from drinking 
water. This is aimed mainly at removing colloidal particles, although as a by-product 
a certain fraction of NOM - high MW, hydrophobic compounds. Coagulation is often 
followed by sedimentation and filtration. To achieve higher organic matter removal, 
enhanced coagulation - larger doses of coagulant - is practiced. When higher doses 
are applied, sedimentation tank is often needed. With the requirement to process 
water quickly most of the treatment plant (i.e. treatment plants of Sydney Water) 
directly filters after the coagulation with smaller doses of coagulant, i.e. skips 
sedimentation tank. Therefore, the main challenge is to remove more NOM 
effectively and stabilise residual chlorine without increasing the coagulant dose.  
The application of BAC, which utilises GAC as a carrier material to microorganisms, 
is well-established for organic matter removal from water. The BAC process 
combines both adsorption and biodegradation processes and has many distinct 
advantages for water treatment such as high affinity for LMW, hydrophilic organic 
matters (mainly BOM), maintain stable residual chlorine concentration, remove trace 
level organic pollutants and low operating cost. Mainly, BAC systems are applied as 
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post-treatment in removing LMW compounds produced after advance oxidation 
process and as pre-treatment or polishing step after coagulation. However, it is 
known the biological activities increase formation of microbial products which in 
turn are removed by the subsequent coagulation in recycled wastewater. Whether 
similar phenomena exist in drinking water to remove substantial amount of DOC 
with low doses of coagulant are not known.  
This study investigates the potential of using BAC as a pre-treatment of surface 
water to conventional coagulation process. BAC columns were operated by feeding 
the water continuously until steady state DOC removal is achieved. Initially, the 
potential of BAC granules (from the BAC column) to biologically remove DOC and 
improve the chlorine stability was evaluated in a batch mode. The bioavailability of 
NOM on the BAC depends on the equilibrium between the dissolved and adsorbed 
organic matter concentrations. Thus, how the adsorption-desorption phenomenon 
determines the final DOC level was investigated using a new batch test. As the 
organic matter changes from a mostly biodegradable to least biodegradable, 
microbial community structure may change to indicate ecological shift. The 
behaviour of the microbial community structure in the BAC granules used for the 
batch test (which taken from a BAC column that reached steady state DOC removal) 
was studied over a long period using the 454-pyrosequencing method.  
The effectiveness of the combination of BAC followed by coagulation process 
compared to the individual performance of BAC or coagulation was studied in terms 
of DOC removal and chlorine stability using a BAC column operated at 20 minutes 
EBCT. Then the BAC/coagulation was compared with the existing method of 
coagulation/BAC to understand the benefit or the synergistic effect of BAC as a pre-
treatment to the coagulation and to inform the operators about possible improvement 
by switching. The performance of BAC in aiding the BAC/EC combination was 
further investigated at different times after BAC backwashing to determine the time 
required from the last backwash to achieve the best possible DOC removal and 
chlorine stability by subsequent coagulation. The BAC performance results after 
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backwashing were used to propose the backwash frequency which has the potential 
to obtain optimum benefit from the BAC/EC combination. Further, the behaviour of 
the microbial community structure in the BAC bed during first 14 days after 
backwashing was analysed using the 454-pyrosequencing method. The outcomes of 
this research are useful to expand the knowledge base on the BAC process and to 
improve the current configuration of water treatment process.          
8.2. Conclusions and recommendations 
A detailed conclusion is provided separately in each chapter. Therefore, a summary 
of major conclusions from this research are presented in this section. 
• During continuous operation of BAC column at 20 minutes EBCT, DOC 
removal reaches the relative steady state with a reported DOC removal of 
15%. The BDOC concentration measured based on suspended bacteria 
method was around 12-15% in three tested surface water sources; Nepean 
Wyong and Orchard Hills water. Batch mode over a long period (incubation 
time similar to BDOC measurement) has shown the biological treatment has 
the potential to remove more organic carbon (43-52%) by a combination of 
physical adsorption/desorption and biodegradation than the BDOC 
concentration if sufficient time is allowed. During the phase of relative steady 
state, BAC removed a very low amount of DOC by the physical adsorption 
process (15-17%). When prolonged BAC treated water subjected to 
coagulation, coagulation removes more organic carbon with less coagulant 
dose. 
• BAC removed a lower amount of DOC when the BAC granules were fed 
with water collected from the reservoir having longer retention time. 
However, the amount of BOM removed during the pro-longed storage period 
was very low. For example, the Orchard Hills water had a 29% of 
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biologically removable DOC (removed by BAC) even after the longest 
storage time (~2 years) in Warragamba dam.  
• Desorption process induced by a concentration gradient reversal in the BAC, 
(fully saturated with the organic matter) when influent DOC concentration 
falls below the equilibrium point of the solid phase concentration of the BAC. 
Thus, the adsorption/ desorption equilibrium played important role in 
determining the final DOC level achieved by BAC.  
• Further, the batch mode over a long period has shown the BAC ability to 
remove LMW, hydrophilic organic matter such as building blocks and LMW 
neutrals effectively. The removal of these BOM having high chlorine demand 
had the potential to stabilise the chlorine concentration in the BAC treated 
water markedly. Concurrently, smaller reduction in DOC by BAC is 
sufficient for higher chlorine stability. Mainly, the concentrations of FRA and 
SRA were reduced by the BAC treatment greatly and the feasibility of 
removing these chlorine reactive compounds enhanced further by combing 
coagulation after BAC treatment.  
• Microbial community structure of the attached biomass on GAC surface had 
stabilised during more than six month continuous operation of BAC column. 
The attached biomass on BAC granules which was taken from the BAC 
column operated for more than six month were more diverse and stable. In 
the batch test of prolonged biodegradation, the phylum Proteobacteria class 
Alphaproteobacteria and Betaproteobacteria were the most abundant bacterial 
group observed in the BAC granules which might contribute to the BDOC 
removal and in turn for high chlorine stability. With the reduction of available 
carbon source in the surface water, the total sequences belonged to 
Betaproteobacteria were declined whereas the abundance of class Nitrospira 
which represents the autotropic group of bacteria was increased. 
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• Several genus level microorganisms belong to class Alphaproteobacteria that 
degrade a variety of environmental pollutants were present in the BAC 
granules suggested that the potential of BAC to remove organic contaminants 
from water.  
• Individual performance of coagulation or BAC at 20 minutes EBCT left a 
substantial amount of DOC in the treated water. The effective removal of 
either higher MW organic matters (biopolymers, HS) by coagulation or LMW 
substances (building block, LMW neutrals) by BAC treatment separately 
does not improve the DOC removal or chlorine stability. The DOC removal 
by the coagulation increased with higher coagulant dose however, this is 
associated with higher sludge production that must be disposed. 
• The BAC absorb a certain portion of organic matters (LMW, hydrophilic) 
that cannot be removed by coagulation and at the same time, the microbial 
action inside BAC bed convert non-coagulable organic matter into coagulable 
ones.  
• The application of BAC treatment at 20 minutes EBCT absorbs organics 
(non-coagulable) and enhances the amenability of organic matters for 
removal by coagulation.  Thus, BAC treatment effectively enhances the DOC 
removal by subsequent coagulation process resulting in low coagulant dose 
requirement which in turn useful in reducing sludge production and settling 
time. 
• Traditionally, coagulation is used for the removal of turbidity and normal 
wisdom is not to remove turbidity initially as it aids the floc formation.  As 
opposed to the traditional concern in drinking water treatment, when the BAC 
treated water (having low turbidity) was subjected to coagulation floc 
formation was improved markedly with less coagulant dose compared to the 
direct coagulation.  
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• Higher MW concentration (biopolymers, HS) was increased after 
coagulation/BAC treatment as a result of adsorption/desorption process, 
microbial products (SMP and EPS) released during the passage through the 
BAC and generation of coagulable organic matters from non-coagulable ones, 
therefore, mask the DOC removal by coagulation/BAC. However, these 
higher MW substances released after the BAC treatment is preferentially 
removed by coagulant.   
• The synergised performance of BAC in enhancing the removal of more BOM 
or non-coagulable fraction of DOC (more chlorine demanding compounds) 
by subsequent coagulation substantially reduce the disinfectant demand and 
produce more chlorine stable water. However, the release of more coagulable 
substance after passage through BAC masked the chlorine stability that could 
be achieved by the coagulation/BAC combination. Therefore, treated water 
by BAC/coagulation is less likely to form undesirable DBP and control the 
microbial regrowth in the distribution system. 
• The BAC/coagulation combination proved to be more effective than the 
coagulation/BAC coagulation in terms of synergistic removal of DOC 
including non-coagulable organic matters and thereby, reducing the chlorine 
demand.  
° Therefore, there is a potential of using BAC as a pre-treatment to 
coagulation thus, rethink of the current configuration of using BAC as last 
polishing step before disinfection is needed. 
• From the combination of BAC/coagulation more chlorine stability can 
achieve with least chemical; coagulant and disinfectant. As the 
BAC/coagulation brings down the amount of required coagulant dose 
markedly and improves the floc formation, the requirement of a separate 
sedimentation could be avoided.  
° As opposed to the 90 minutes retention time in sedimentation tank BAC 
treatment at 20 minutes EBCT can be reconfigured. 
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• Backwashing removes the bound organic/inorganic matters and microbial 
aggregates and affects the performance of the BAC column and has to be 
controlled for long-term BAC performance. 
• The backwashing caused the disturbance in the diversity, richness and 
abundance of microbial community, however, gradual recovery was observed 
within 3 days after backwashing. The microbial community structure 
stabilised within 3-4 days after backwashing and changed slightly during the 
time between 4 to 14 days after backwashing.  
• The classes, Alphaproteobacteria and Betaproteobacteria were the most 
abundant group in the BAC biofilm at different backwash frequencies. 
However, the relative abundance of Betaproteobacteria, which is the group 
that considered to contribute to BOM degradation, was showed to decrease 
during 14 days operation of BAC without backwashing. Concurrently, the 
relative abundance of Pseudomonas (class Gammaproteobacteria) represents 
some species of opportunistic pathogens was increased during the BAC 
performance without backwashing for 14 days. The uncontrolled BAC 
treatment increases the possibility of a microbial breakthrough into the 
effluent and increases the risk of pathogenic diseases. 
• The BAC column performance immediately or one day after backwashing 
could not able to effectively assist subsequent coagulation in terms of DOC 
removal and chlorine stability and additional advantage achieved by the 
combination of BAC/EC compared to the EC alone was low. This could 
possibly due to deterioration in the BAC performance caused by the loss of 
biomass and lack of time for the biomass to recover back to an active biofilm 
thickness and this reduced the amenability of organic matter removal by 
subsequent coagulation.   
• The most effective reduction of the lower apparent MW fractions of DOC by 
the combined process of BAC/coagulation was observed from the BAC 
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effluent collected three days after backwashing. Similarly, highest 
coagulability performances in terms of DOC removal and chlorine stability 
and maximum additional advantage compared to EC alone were observed for 
the BAC effluent collected three days after backwashing. The BAC effluent 
collected on 3 days after backwash followed by coagulation with 10 mg-
Fe3+/L has higher chlorine stability than the water treated by direct 
coagulation with 60 mg-Fe3+/L. Hence, according to the experimental results 
time required to achieve best possible assistant to the BAC/EC combination 
was three days from the last backwash. 
• Assistant coming from the BAC to subsequent coagulation process in terms 
of DOC removal and chlorine stability was reduced gradually when 
continuing the BAC column operation without backwashing beyond 4 days. 
When the BAC operated without backwashing for 14 days the additional 
advantage obtained from the BAC/EC combination in terms of DOC removal 
and chlorine stability was improved marginally compared to EC alone. The 
operation of BAC column without backwashing for a longer time (more than 
4 days) lead to BAC filter clogging and impairs the performances, possibly 
due to the increase in the biofilm thickness which limits the diffusion of 
oxygen and nutrients into the biofilm. 
• In order to maintain the maximum assistance coming from the three days 
after the last backwash for the combination of BAC/EC, to minimise the 
sudden interruption caused by the backwashing to the BAC behaviour and to 
utilise the maximum time that BAC behaves reasonably well after the last 
backwash, best possible time to implement the backwashing is 5 days from 
the last backwash.   
• The identification and adopting correct backwash frequency is essential to 
enhance the BAC reactor performance. Thereby, the amenability of organic 
matter removal by subsequent coagulation together with the chlorine stability 
can be optimised. Therefore, this would help further to reduce the coagulant 
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dose requirement. However, the results taken from one study cannot be 
transported to another as the operational conditions differ greatly. 
8.3. Benefits of this study to water treatment industry 
This section summarises the benefits of the results from this research for the water 
treatment utilities.  
• The initial studies of this thesis carried out to investigate the potential of BAC 
treatment to remove more organic carbon biologically and improve the 
chlorine stability, together with the organic matter characteristics of the BAC 
treated water and microbial community structure of the BAC granules 
provides a clear understanding of the BAC process and performances. This 
further implies an excellent potential of BAC with proper modification to 
implement in the water treatment. 
• The results from the study of the application of BAC/coagulation and 
comparison it with the combination of coagulation/BAC shows the 
effectiveness of BAC as a pre-treatment in improving the coagulability 
performances in many grounds. These results address the emerging 
challenges faced by the water treatment utilities. 
o First, BAC removed DOC by absorption and biodegradation 
processes. Hence, BAC absorbs non-coagulable organic matters and 
at the same time converted the non-coagulable organic matters to 
coagulable ones. 
o Therefore, BAC improves the amenability of organic matter removal 
by coagulation. 
o BAC brings down the coagulant dose requirement for coagulation 
alone thereby, reduces the sludge production subsequently reduces 
the settling time as well as plant run time. 
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o BAC removes a larger portion of LMW organic matters which is not 
amenable for the coagulation. 
o Enhanced NOM removal reduces the chlorine demand, therefore, 
less likely to produce undesirable DBP and bacterial regrowth in 
distribution systems. 
• Comparison of BAC/coagulation with coagulation/BAC results are useful to 
understand the water treatment plant designers to dynamics of 
BAC/coagulation such as aiding SMP and other microbial products removal 
and can minimise the role of desorption process.  
• Most application of BAC has been used as a polishing step at the end of 
treatment train and these results prove the additional benefits of using BAC as 
a pre-treatment to drinking water. Therefore, the outcomes of this research 
provide a platform for the water treatment plant operators to rethink the 
necessity of changing the current configuration of using BAC. 
• On the other hand, The BAC/coagulation reduces the coagulant dose 
requirement markedly. Hence, the study of the combination of BAC followed 
by coagulation implies the possibility of using BAC at 20 minutes EBCT 
opposed to the sedimentation tank with one and a half an hour retention time.  
• The BAC is currently a slow process, however, the process has to be 
developed to achieve complying water quality. The study of understanding 
the behaviour of the BAC after backwashing in aiding the BAC/EC 
combination and identifying the correct time to implement the backwashing 
show that the current limitations in using BAC such as the requirement of 
longer EBCT to remove DOC can be minimised by maintaining BAC at 
correct backwash frequency.  
 
 
226 
 
  
 
Chapter 9 
 
Future Research  
This section presents the possible directions for the future research on the subject of 
this thesis. 
• The purpose of the NOM removal is to achieve better chlorine stability 
thereby, reduction of DBP formation. This study proves the feasibility to 
improve the chlorine stability by the combination of BAC followed by 
coagulation treatment. Therefore, it is important to further evaluate the DBP 
formation characteristics of the BAC/coagulation treated water.  
• The DOC reduction by EC has been described by several mathematical 
models. In a similar way modelling of DOC reduction and chlorine demand 
by the BAC/coagulation treatment would be useful in future for the process 
engineers to decide which process or the combination can achieve acceptable 
water quality. 
• This study investigated the behaviour of microbial community structure on 
BAC biofilm after backwashing. Once the bacterial community recovered 
after backwashing slight changes were observed in the bacterial community 
with further operation of BAC without backwashing for 14 days. Therefore, 
further studies have to be carried out to investigate the behaviour of biofilm 
thickness after the backwashing.  
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• According to the BAC performance after backwashing in the combination 
with coagulation, this study proposed a backwash frequency that should be 
implemented to obtain maximum assistance from BAC to the subsequent 
coagulation. Further investigations can be carried out to confirm the proposed 
frequency by employing BAC columns that operate at different backwash 
frequencies and comparing the DOC and chlorine stability results. Based on 
these data empirical relationship/ model can be develop to evaluate the 
quantitative effect of backwash frequency on DOC removal and chlorine 
demand by BAC and BAC followed by coagulation.   
• The BAC performance at different times after backwashing in combination 
with coagulation shows a sudden drop in the DOC removal and chlorine 
stability immediately and at one day after the backwashing. It is important to 
investigate the best possible backwash intensity which is not causing too 
much loss of biomass and impair the reactor performance to maintain the 
BAC performance at a reasonable level in terms of DOC removal and 
chlorine stability.    
• This study proves the promising performance of BAC/EC compared to the 
EC/BAC treatment in terms of DOC removal and chlorine stability. However, 
the cost-effectiveness of the treatment is also important during the 
implementation. Therefore, further investigation is necessary to analyse the 
capital and operating cost of optimised BAC/EC compared with EC/BAC 
treatment. 
• The BAC has the ability to remove environmental contaminants including the 
heavy metals and toxic chemicals. Therefore, it would be useful to carry out 
an investigation on the effect of toxicity from the absorbed toxic chemicals or 
metals and other pollutant chemicals to the biofilm microbes and how the 
absorbed substances impact on removal mechanism. Further, the study of the 
potential of leaking these contaminants into the effluent during the desorption 
process also would be useful. 
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• Further research has to carried out to understand the potential of introducing 
surface modification techniques such as basic treatment i.e. ammonia 
treatment, and iron or manganese impregnation techniques, as they enhanced 
the performance or the DOC removal of AC. Therefore, how the surface 
modified AC performed as BAC and how this beneficial to the microbial 
degradation mechanism should be evaluated in the future studies.    
• Release of organic matters from BAC filters (fully saturated with the organic 
matter) occurs when influent DOC concentration of BAC falls below the 
equilibrium point of the surface DOC concentration of the saturated BAC. 
When the BAC feed water DOC concentration is close to the equilibrium 
point, desorption process are at play and affect the BAC performance and on 
determining the final DOC level achieved by the BAC. This implies there is 
an excellent potential to remove more DOC by BAC treatment if proper 
modification with the attached medium is implemented to the existing 
mechanism. This requires attention in future studies. 
• A certain time after the continuous operation of BAC column, the adsorption 
capacity decreases to the point where BAC no longer able to produce 
desirable water quality. At this point, BAC has to be regenerated or replaced 
with fresh AC. It is known that the desorption of adsorbed organic matter on 
BAC can occur when the feed water DOC falls below the equilibrium point 
of the BAC surface DOC concentration and this study shows the physical 
desorption of organic matters adsorbed on BAC with Milli-Q water. Thus, if 
this phenomenon of BAC physical desorption process can use to develop a 
BAC regeneration process then it could be highly beneficial than using high 
cost thermal or low-frequency ultrasound regeneration methods. Investigation 
of this possibility can be performed in future studies.    
• The microbial community structure inside the BAC bed can be varied with 
the BAC bed depth. The effect of BAC bed depth on microbial community 
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structure and their effect on DOC removal and chlorine stability can be 
further investigate.  
230 
 
 References 
Adhoum, N & Monser, L 2002, 'Removal of cyanide from aqueous solution using 
impregnated activated carbon', Chemical Engineering and Processing: Process 
Intensification, vol. 41, no. 1, pp. 17-21. 
Aktas, O & Cecen, F 2011, 'Fundamentals of Adsorption onto Activated Carbon in 
Water and Wastewater Treatment', in F Cecen & O Aktas (eds), Activated Carbon 
for Water and Wastewater Treatment: Integration of Adsorption and Biological 
Treatment, Wiley-VCH, Germany. 
Aktaş, Ö & Çeçen, F 2007, 'Bioregeneration of activated carbon: A review', 
International Biodeterioration & Biodegradation, vol. 59, no. 4, pp. 257-72. 
Andersson, A, Laurent, P, Kihn, A, Prévost, M & Servais, P 2001, 'Impact of 
temperature on nitrification in biological activated carbon (BAC) filters used for 
drinking water treatment', Water Research, vol. 35, no. 12, pp. 2923-34. 
Ania, CO, Menéndez, JA, Parra, JB & Pis, JJ 2004, 'Microwave-induced regeneration 
of activated carbons polluted with phenol. A comparison with conventional thermal 
regeneration', Carbon, vol. 42, no. 7, pp. 1383-7. 
Aryal, A & Sathasivan, A 2011a, 'Importance of the order in enhancing EfOM 
removal by combination of BAC and MIEX®', Water Science & Technology, vol. 
64, no. 11, pp. 2325-32. 
Aryal, A, Sathasivan, A & Adhikari, RA 2011b, 'Evidence that BAC treatment 
enhances the DOC Removal by enhanced coagulation', Desalination, vol. 280, no. 1–
3, pp. 326-31. 
Aryal, A, Sathasivan, A, Heitz, A, Zheng, G, Nikraz, H & Ginige, MP 2015, 
'Combined BAC and MIEX pre-treatment of secondary wastewater effluent to reduce 
fouling of nanofiltration membranes', Water Research, vol. 70, pp. 214-23. 
Aryal, A, Sathasivan, A & Vigneswaran, S 2012, 'Synergistic effect of biological 
activated carbon and enhanced coagulation in secondary wastewater effluent 
treatment', Water Science and Technology, vol. 65, no. 2, pp. 332-9. 
Asami, M, Oya, M & Kosaka, K 2009, 'A nationwide survey of NDMA in raw and 
drinking water in Japan', Science of The Total Environment, vol. 407, no. 11, pp. 
3540-5. 
231 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Augulyte, L, Kliaugaite, D, Racys, V, Jankunaite, D, Zaliauskiene, A, Bergqvist, P-A 
& Andersson, PL 2009, 'Multivariate analysis of a biologically activated carbon 
(BAC) system and its efficiency for removing PAHs and aliphatic hydrocarbons 
from wastewater polluted with petroleum products', Journal of Hazardous Materials, 
vol. 170, no. 1, pp. 103-10. 
AWWA 1995, Problem organisms in water: identification and treatment, 
0898677602, American Water Works Assocation. 
Baboshin, M & Golovleva, L 2011, 'Characterization of hydrophobic organic 
contaminant biodegradation by COD analysis', International Biodeterioration & 
Biodegradation, vol. 65, no. 6, pp. 883-9. 
Baghoth, SA, Dignum, M, Grefte, A, Kroesbergen, J & Amy, GL 2009, 
'Characterization of NOM in a drinking water treatment process train with no 
disinfectant residual', Water Science & Technology, vol. 9, no. 4, pp. 379-86. 
Baghoth, SA, Sharma, SK, Guitard, M, Heim, V, Croué, J-P & Amy, GL 2011, 
'Removal of NOM-constituents as characterized by LC-OCD and F-EEM during 
drinking water treatment.', Journal of Water Supply : Research and Technology - 
AQUA, vol. 60, no. 7, pp. 412-24. 
Barker, DJ & Stuckey, DC 1999, 'A review of soluble microbial products (SMP) in 
wastewater treatment systems', Water Research, vol. 33, no. 14, pp. 3063-82. 
Berenguer, R, Marco-Lozar, JP, Quijada, C, Cazorla-Amorós, D & Morallón, E 2010, 
'Electrochemical regeneration and porosity recovery of phenol-saturated granular 
activated carbon in an alkaline medium', Carbon, vol. 48, no. 10, pp. 2734-45. 
Bhatnagar, A, Hogland, W, Marques, M & Sillanpää, M 2013, 'An overview of the 
modification methods of activated carbon for its water treatment applications', 
Chemical Engineering Journal, vol. 219, no. 0, pp. 499-511. 
Blenkinsopp, SA & Costerton, JW 1991, 'Understanding bacterial biofilms', Trends in 
Biotechnology, vol. 9, no. 1, pp. 138-43. 
Bolto, B & Gregory, J 2007, 'Organic polyelectrolytes in water treatment', Water 
Research, vol. 41, no. 11, pp. 2301-24. 
Bond, T, Goslan, EH, Jefferson, B, Roddick, F, Fan, L & Parsons, SA 2009, 'Chemical 
and biological oxidation of NOM surrogates and effect on HAA formation', Water 
Research, vol. 43, no. 10, pp. 2615-22. 
Bond, T, Goslan, EH, Parsons, SA & Jefferson, B 2010, 'Disinfection by-product 
formation of natural organic matter surrogates and treatment by coagulation, MIEX® 
and nanofiltration', Water Research, vol. 44, no. 5, pp. 1645-53. 
232 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Boon, N, Pycke, BFG, Marzorati, M & Hammes, F 2011, 'Nutrient gradients in a 
granular activated carbon biofilter drives bacterial community organization and 
dynamics', Water Research, vol. 45, no. 19, pp. 6355-61. 
Bose, P & Reckhow, DA 2007, 'The effect of ozonation on natural organic matter 
removal by alum coagulation', Water Research, vol. 41, no. 7, pp. 1516-24. 
Brown, J & Lauderdale, CV 2006, 'Efficient, simultaneous destruction of multiple 
drinking water contaminants using biological filtration', Florida Water Resour. J, pp. 
28-30. 
Buchanan, W, Roddick, F & Porter, N 2008, 'Removal of VUV pre-treated natural 
organic matter by biologically activated carbon columns', Water Research, vol. 42, 
no. 13, pp. 3335-42. 
Buchanan, W, Roddick, F, Porter, N & Drikas, M 2005, 'Fractionation of UV and 
VUV Pretreated Natural Organic Matter from Drinking Water', Environmental 
Science & Technology, vol. 39, no. 12, pp. 4647-54. 
Budd, GC, Hess, AF, Shorney-Darby, H, Neemann, JJ & et al. 2004, 'Coagulation 
applications for new treatment goals', American Water Works Association. Journal, 
vol. 96, no. 2, p. 102. 
Burger, MS, Krentz, CA, Mercer, SS & Gagnon, GA 2008, 'Manganese removal and 
occurrence of manganese oxidizing bacteria in full-scale biofilters', Journal of Water 
Supply : Research and Technology - AQUA, vol. 57, no. 5, pp. 351-9. 
Butterfield, PW, Camper, AK, Ellis, BD & Jones, WL 2002, 'Chlorination of model 
drinking water biofilm: implications for growth and organic carbon removal', Water 
Research, vol. 36, no. 17, pp. 4391-405. 
Cao, B, Gao, B, Liu, X, Wang, M, Yang, Z & Yue, Q 2011, 'The impact of pH on floc 
structure characteristic of polyferric chloride in a low DOC and high alkalinity 
surface water treatment', Water Research, vol. 45, no. 18, pp. 6181-8. 
Caporaso, JG, Bittinger, K, Bushman, FD, DeSantis, TZ, Andersen, GL & Knight, R 
2010a, 'PyNAST: a flexible tool for aligning sequences to a template alignment', 
Bioinformatics, vol. 26, no. 2, pp. 266-7. 
Caporaso, JG, Kuczynski, J, Stombaugh, J, Bittinger, K, Bushman, FD, Costello, EK, 
Fierer, N, Peña, AG, Goodrich, JK, Gordon, JI, Huttley, GA, Kelley, ST, Knights, D, 
Koenig, JE, Ley, RE, Lozupone, CA, McDonald, D, Muegge, BD, Pirrung, M, 
Reeder, J, Sevinsky, JR, Turnbaugh, PJ, Walters, WA, Widmann, J, Yatsunenko, T, 
Zaneveld, J & Knight, R 2010b, 'QIIME allows analysis of high-throughput 
community sequencing data', Nature Methods, vol. 7, p. 335. 
233 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
 
Carlson, KH & Amy, GL 2000, 'The importance of soluble microbial products (SMPs) 
in biological drinking water treatment', Water Research, vol. 34, no. 4, pp. 1386-96. 
Chang, EE, Chiang, P-C, Ko, Y-W & Lan, W-H 2001, 'Characteristics of organic 
precursors and their relationship with disinfection by-products', Chemosphere, vol. 
44, no. 5, pp. 1231-6. 
Cheng, W, Dastgheib, SA & Karanfil, T 2005, 'Adsorption of dissolved natural 
organic matter by modified activated carbons', Water Research, vol. 39, no. 11, pp. 
2281-90. 
Chesney, JA, Eaton, JW & Mahoney, JR 1996, 'Bacterial glutathione: a sacrificial 
defense against chlorine compounds', Journal of Bacteriology, vol. 178, no. 7, pp. 
2131-5. 
Chien, CC, Kao, CM, Chen, CW, Dong, CD & Wu, CY 2008, 'Application of 
biofiltration system on AOC removal: Column and field studies', Chemosphere, vol. 
71, no. 9, pp. 1786-93. 
Choi, YC, Li, X, Raskin, L & Morgenroth, E 2007, 'Effect of backwashing on 
perchlorate removal in fixed bed biofilm reactors', Water Research, vol. 41, no. 9, 
pp. 1949-59. 
Chu, C, Lu, C & Lee, C 2005, 'Effects of inorganic nutrients on the regrowth of 
heterotrophic bacteria in drinking water distribution systems', Journal of 
Environmental Management, vol. 74, no. 3, pp. 255-63. 
Chung, Y-C, Lin, Y-Y & Tseng, C-P 2005, 'Removal of high concentration of NH3 
and coexistent H2S by biological activated carbon (BAC) biotrickling filter', 
Bioresource Technology, vol. 96, no. 16, pp. 1812-20. 
Clark, RM & Sivaganesan, M 2002, 'Predicting Chlorine Residuals in Drinking Water: 
Second Order Model', Journal of Water Resources Planning & Management, vol. 
128, no. 2, p. 152. 
Cooney, DO, Nagerl, A & Hines, AL 1983, 'Solvent regeneration of activated carbon', 
Water Research, vol. 17, no. 4, pp. 403-10. 
Corwin, CJ & Summers, RS 2011, 'Adsorption and desorption of trace organic 
contaminants from granular activated carbon adsorbers after intermittent loading and 
throughout backwash cycles', Water Research, vol. 45, no. 2, pp. 417-26. 
 
234 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Dastgheib, SA, Karanfil, T & Cheng, W 2004, 'Tailoring activated carbons for 
enhanced removal of natural organic matter from natural waters', Carbon, vol. 42, 
no. 3, pp. 547-57. 
Davies, DG 1999, 'Regulation of Matrix Polymer in Biofilm Formation and 
Dispersion', in J Wingender, TR Neu & H-C Flemming (eds), Microbial 
Extracellular Polymeric Substances: Characterization, Structure and Function, 
Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 93-117. 
Delpla, I, Jung, AV, Baures, E, Clement, M & Thomas, O 2009, 'Impacts of climate 
change on surface water quality in relation to drinking water production', 
Environment International, vol. 35, no. 8, pp. 1225-33. 
Digiano, FA & Zhang, W 2005, 'Pipe Section Reactor to Evaluate Chlorine- Wall 
Reaction', Journal of American Water Works Association, vol. 97, no. 1, pp. 74-85. 
Dong, L, Liu, W, Jiang, R & Wang, Z 2014, 'Physicochemical and porosity 
characteristics of thermally regenerated activated carbon polluted with biological 
activated carbon process', Bioresource Technology, vol. 171, no. 0, pp. 260-4. 
Dong, L, Liu, W, Jiang, R & Wang, Z 2015, 'Study on reactivation cycle of biological 
activated carbon (BAC) in water treatment', International Biodeterioration & 
Biodegradation, vol. 102, pp. 209-13. 
Drikas, M, Chow, CWK & Cook, D 2003, 'The impact of recalcitrant organic 
character on disinfection stability, trihalomethane formation and bacterial regrowth: 
An evaluation of magnetic ion exchange resin (MIEX®) and alum coagulation.', 
Journal of Water Supply : Research and Technology - AQUA, vol. 52, no. 7, pp. 475-
87. 
Duan, J & Gregory, J 2003, 'Coagulation by hydrolysing metal salts', Advances in 
Colloid and Interface Science, vol. 100–102, pp. 475-502. 
Dussert, BW, Van, S & Gary, R 1994, 'The biological activated carbon process for 
water purification', Water Engineering & Management, vol. 141, no. 12, p. 22. 
Echigo, S, Itoh, S, Natsui, T, Araki, T & Ando, R 2004, 'Contribution of brominated 
organic disinfection by-products to the mutagenicity of drinking water', Water 
Science and Technology, vol. 50, no. 5, pp. 321-8. 
Edgar, RC 2010, 'Search and clustering orders of magnitude faster than BLAST', 
Bioinformatics, vol. 26, no. 19, pp. 2460-1. 
Edwards, M 1997, 'Predicting DOC removal during enhanced coagulation', Journal 
(American Water Works Association), vol. 89, no. 5, pp. 78-89. 
235 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Eikebrokk, B, Vogt, RD & Liltved, H 2004, 'NOM increase in Northern European 
source waters: discussion of possible causes and impacts on coagulation/contact 
filtration processes', Water Science & Technology: Water Supply, vol. 4, no. 4, pp. 
47-54. 
Emelko, MB, Huck, PM, Coffey, BM & Smith, EF 2006, 'Effects of media, backwash, 
and temperature on full-scale biological filtration', American Water Works 
Association. Journal, vol. 98, no. 12, pp. 61-73,10. 
Escobar, IC, Randall, AA & Taylor, JS 2001, 'Bacterial Growth in Distribution 
Systems:  Effect of Assimilable Organic Carbon and Biodegradable Dissolved 
Organic Carbon', Environmental Science & Technology, vol. 35, no. 17, pp. 3442-7. 
Evans, CD, Monteith, DT & Cooper, DM 2005, 'Long-term increases in surface water 
dissolved organic carbon: Observations, possible causes and environmental impacts', 
Environmental Pollution, vol. 137, no. 1, pp. 55-71. 
Fabris, R, Chow, CWK, Drikas, M & Eikebrokk, B 2008, 'Comparison of NOM 
character in selected Australian and Norwegian drinking waters', Water Research, 
vol. 42, no. 15, pp. 4188-96. 
Fisher, I, Kastl, G & Sathasivan, A 2011, 'Evaluation of suitable chlorine bulk-decay 
models for water distribution systems', Water Research, vol. 45, no. 16, pp. 4896-
908. 
Fisher, I, Kastl, G & Sathasivan, A 2014, 'Comparison of single and multiple dosing of 
chlorine for water distribution systems', Water: Journal of the Australian Water 
Association, vol. 41, no. 8, p. 32. 
Fisher, I, Kastl, G & Sathasivan, A 2017, 'New model of chlorine-wall reaction for 
simulating chlorine concentration in drinking water distribution systems', Water 
Research, vol. 125, pp. 427-37. 
Fisher, I, Kastl, G, Sathasivan, A, Chen, P, van Leeuwen, J, Daly, R & Holmes, M 
2004, 'Tuning the enhanced coagulation process to obtain best chlorine and THM 
profiles in the distribution system', Water Science & Technology: Water Supply, vol. 
4, no. 4, pp. 235-43. 
Flemming, H-C, Neu, TR & Wozniak, DJ 2007, 'The EPS matrix: the “house of 
biofilm cells”', Journal of Bacteriology, vol. 189, no. 22, pp. 7945-7. 
Fonseca, AC, Scott, S, R. & Hernandez, MT 2001, 'Comparative measurements of 
microbial activity in drinking water biofilters', Water Research, vol. 35, no. 16, pp. 
3817-24. 
236 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Foo, K & Hameed, B 2012, 'Microwave-assisted regeneration of activated carbon', 
Bioresource Technology, vol. 119, pp. 234-40. 
Gang, D, Clevenger, TE & Banerji, SK 2003, 'Relationship of chlorine decay and 
THMs formation to NOM size', Journal of Hazardous Materials, vol. 96, no. 1, pp. 
1-12. 
Garrett, TR, Bhakoo, M & Zhang, Z 2008, 'Bacterial adhesion and biofilms on 
surfaces', Progress in Natural Science, vol. 18, no. 9, pp. 1049-56. 
Gauden, PA, Szmechtig-Gauden, E, Rychlicki, G, Duber, S, Garbacz, JK & 
Buczkowski, R 2006, 'Changes of the porous structure of activated carbons applied 
in a filter bed pilot operation', Journal of Colloid and Interface Science, vol. 295, no. 
2, pp. 327-47. 
Ghosh, U, Weber, AS, Jensen, JN & Smith, JR 1999, 'Granular Activated Carbon and 
Biological Activated Carbon Treatment of Dissolved and Sorbed Polychlorinated 
Biphenyls', Water Environment Research, vol. 71, no. 2, pp. 232-40. 
Gibert, O, Lefèvre, B, Fernández, M, Bernat, X, Paraira, M, Calderer, M & Martínez-
Lladó, X 2013, 'Characterising biofilm development on granular activated carbon 
used for drinking water production', Water Research, vol. 47, no. 3, pp. 1101-10. 
Graham, NJD 1999, 'Removal of humic substances by oxidation/biofiltration 
processes — A review', Water Science and Technology, vol. 40, no. 9, pp. 141-8. 
Guo, D, Shi, Q, He, B & Yuan, X 2011, 'Different solvents for the regeneration of the 
exhausted activated carbon used in the treatment of coking wastewater', Journal of 
Hazardous Materials, vol. 186, no. 2–3, pp. 1788-93. 
Haas, CN, Gupta, M, Chitluru, R & Burlingame, G 2002, 'Chlorine demand in 
disinfecting water mains', Journal  of American Water Works Association, vol. 94, 
no. 1, pp. 97-102. 
Han, L, Liu, W, Chen, M, Zhang, M, Liu, S, Sun, R & Fei, X 2013, 'Comparison of 
NOM removal and microbial properties in up-flow/down-flow BAC filter', Water 
Research, vol. 47, no. 14, pp. 4861-8. 
Harimawan, A, Zhong, S, Lim, C-T & Ting, Y-P 2013, 'Adhesion of B. subtilis spores 
and vegetative cells onto stainless steel – DLVO theories and AFM spectroscopy', 
Journal of Colloid and Interface Science, vol. 405, pp. 233-41. 
Harrington, GW, Chowdhury, ZK & Owen, DM 1992, 'Developing a Computer Model 
to Simulate DBP Formation During Water Treatment', Journal (American Water 
Works Association), vol. 84, no. 11, pp. 78-87. 
237 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Heller-Grossman, L, Manka, J, Limoni-Relis, B & Rebhun, M 1993, 'Formation and 
distribution of haloacetic acids, THM and tox in chlorination of bromide-rich lake 
water', Water Research, vol. 27, no. 8, pp. 1323-31. 
Hem, LJ & Efraimsen, H 2001, 'Assimilable organic carbon in molecular weight 
fractions of natural organic matter', Water Research, vol. 35, no. 4, pp. 1106-10. 
Hermansson, M 1999, 'The DLVO theory in microbial adhesion', Colloids and 
Surfaces B: Biointerfaces, vol. 14, no. 1–4, pp. 105-19. 
Hijnen, W, Schurer, R, Martijn, B, Bahlman, J, Hoogenboezem, W & van der Wielen, 
P 2014, Removal of easily and more complex biodegradable NOM by full-scale BAC 
filters to produce biological stable drinking water, Progress in Slow Sand and 
Alternative Biofiltration Processes: Further Developments and Applications, IWA 
publishing, London. 
Hong, S, Xian-chun, T, Nan-xiang, W & Hong-bin, C 2018, 'Leakage of soluble 
microbial products from biological activated carbon filtration in drinking water 
treatment plants and its influence on health risks', Chemosphere, vol. 202, pp. 626-
36. 
Hozalski, RM & Bouwer, EJ 1998, 'Deposition and retention of bacteria in 
backwashed filters', Journal (American Water Works Association), vol. 90, no. 1, pp. 
71-85. 
Hsu, S & Singer, PC 2010, 'Removal of bromide and natural organic matter by anion 
exchange', Water Research, vol. 44, no. 7, pp. 2133-40. 
Hu, J, Chu, W, Sui, M, Xu, B, Gao, N & Ding, S 2018, 'Comparison of drinking water 
treatment processes combinations for the minimization of subsequent disinfection 
by-products formation during chlorination and chloramination', Chemical 
Engineering Journal, vol. 335, no. Supplement C, pp. 352-61. 
Hua, G & Reckhow, DA 2007, 'Characterization of Disinfection Byproduct Precursors 
Based on Hydrophobicity and Molecular Size', Environmental Science & 
Technology, vol. 41, no. 9, pp. 3309-15. 
Huber, SA, Balz, A, Abert, M & Pronk, W 2011, 'Characterisation of aquatic humic 
and non-humic matter with size-exclusion chromatography – organic carbon 
detection – organic nitrogen detection (LC-OCD-OND)', Water Research, vol. 45, 
no. 2, pp. 879-85. 
Huck, PM, Bouwer, EJ, Zhang, S, Mitton, MJ & Hozalski, RM 1998, Modeling 
removals in biological treatment, Design of biological processes for organics control, 
AWWA Research Foundation and American Water Works Association, USA. 
238 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Huck, PM, Fedorak, PM & Anderson, WB 1991, 'Formation and Removal of 
Assimilable Organic Carbon During Biological Treatment', Journal (American 
Water Works Association), vol. 83, no. 12, pp. 69-80. 
Jans, U & Hoigné, J 1998, 'Activated Carbon and Carbon Black Catalyzed 
Transformation of Aqueous Ozone into OH-Radicals', Ozone: Science & 
Engineering, vol. 20, no. 1, pp. 67-90. 
Jarusutthirak, C & Amy, G 2006, 'Role of Soluble Microbial Products (SMP) in 
Membrane Fouling and Flux Decline', Environmental Science & Technology, vol. 40, 
no. 3, pp. 969-74. 
Jarusutthirak, C & Amy, G 2007, 'Understanding soluble microbial products (SMP) as 
a component of effluent organic matter (EfOM)', Water Research, vol. 41, no. 12, pp. 
2787-93. 
Jarvis, P, Jefferson, B & Parsons, SA 2004, 'Characterising natural organic matter 
flocs', Water Science & Technology: Water Supply, vol. 4, no. 4, pp. 79-87. 
Jegatheesan, V, Kim, SH, Joo, CK & Gao, B 2009, 'Evaluating the effects of granular 
and membrane filtrations on chlorine demand in drinking water', Journal of 
Environmental Sciences, vol. 21, no. 1, pp. 23-9. 
Jiang, D, Chen, Y & Ni, G 2011, 'Effects of Total Phosphorus (TP) and Microbially 
Available Phosphorus (MAP) on Bacterial Regrowth in Drinking Water Distribution 
System', Systems Engineering Procedia, vol. 1, no. 0, pp. 124-9. 
Jin, P, Jin, X, Wang, X, Feng, Y & Wang, XC 2013, 'Chapter 7- Biological Activated 
Carbon Treatment Process for Advanced Water and Wastewater Treatment', in MD 
Matovic (ed.), Biomass Now–Cultivation Utilization, pp. 153-92. 
Jjemba, PK, Weinrich, LA, Cheng, W, Giraldo, E & LeChevallier, MW 2010, 
'Regrowth of potential opportunistic pathogens and algae in reclaimed-water 
distribution systems', Applied and Environmental Microbiology, vol. 76, no. 13, pp. 
4169-78. 
Joret, J & Levi, Y 1986, 'Méthode rapide d'évaluation du carbone éliminable des eaux 
par voie biologique', Tribune du CEBEDEAU, vol. 39, no. 510, pp. 3-9. 
Joret, JC, Levi, Y & Volk, C 1991, 'Biodegradable Dissolved Organic Carbon 
(BDOC) Content of Drinking Water and Potential Regrowth of Bacteria', Water 
Science and Technology, vol. 24, no. 2, pp. 95-101. 
Jucker, BA, Harms, H, Hug, SJ & Zehnder, AJB 1997, 'Adsorption of bacterial surface 
polysaccharides on mineral oxides is mediated by hydrogen bonds', Colloids and 
Surfaces B: Biointerfaces, vol. 9, no. 6, pp. 331-43. 
239 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Justo, A, González, O, Aceña, J, Pérez, S, Barceló, D, Sans, C & Esplugas, S 2013, 
'Pharmaceuticals and organic pollution mitigation in reclamation osmosis brines by 
UV/H2O2 and ozone', Journal of Hazardous Materials, vol. 263, Part 2, pp. 268-74. 
Justo, A, González, O, Sans, C & Esplugas, S 2015, 'BAC filtration to mitigate 
micropollutants and EfOM content in reclamation reverse osmosis brines', Chemical 
Engineering Journal, vol. 279, pp. 589-96. 
Kaarela, OE, Härkki, HA, Palmroth, MRT & Tuhkanen, TA 2015, 'Bacterial diversity 
and active biomass in full-scale granular activated carbon filters operated at low 
water temperatures', Environmental Technology, vol. 36, no. 6, pp. 681-92. 
Kalkan, Ç, Yapsakli, K, Mertoglu, B, Tufan, D & Saatci, A 2011, 'Evaluation of 
Biological Activated Carbon (BAC) process in wastewater treatment secondary 
effluent for reclamation purposes', Desalination, vol. 265, no. 1–3, pp. 266-73. 
Karanfil, T & Dastgheib, SA 2004, 'Trichloroethylene Adsorption by Fibrous and 
Granular Activated Carbons:  Aqueous Phase, Gas Phase, and Water Vapor 
Adsorption Studies', Environmental Science & Technology, vol. 38, no. 22, pp. 5834-
41. 
Kastl, G, Fisher, I & Sathasivan, A 2017, 'Scan of water treatment processes to 
achieve desirable chlorine stability in water supply systems', Process Safety and 
Environmental Protection, vol. 112, no. Part B, pp. 265-73. 
Kastl, G, Sathasivan, A & Fisher, I 2015, 'A selection framework for NOM removal 
process for drinking water treatment', Desalination and Water Treatment. 
Kastl, G, Sathasivan, A & Fisher, I 2016, 'A selection framework for NOM removal 
process for drinking water treatment', Desalination and Water Treatment, vol. 57, no. 
17, pp. 7679-89. 
Kastl, G, Sathasivan, A, Fisher, IAN & Leeuwen, JV 2004, 'Modeling DOC Removal 
by Enhanced Coagulation', Journal of American Water Works Association, vol. 96, 
no. 2, pp. 79-89. 
Kastl, GJ, Fisher, IH & Jegatheesan, V 1999, 'Evaluation of chlorine decay kinetics 
expressions for drinking water distribution systems modelling', Journal of Water 
Supply: Research and Technology - AQUA, vol. 48, no. 6, pp. 219-26. 
Kasuga, I, Shimazaki, D & Kunikane, S 2007, 'Influence of backwashing on the 
microbial community in a biofilm developed on biological activated carbon used in a 
drinking water treatment plant', Water Science & Technology, vol. 55, no. 8-9, pp. 
173-80. 
240 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Keinanen, MM, Martikainen, PJ & Kontro, MH 2004, 'Microbial community structure 
and biomass in developing drinking water biofilms', Canadian Journal of 
Microbiology, vol. 50, no. 3, pp. 183-91. 
Kiéné, L, Lu, W & Lévi, Y 1998, 'Relative importance of the phenomena responsible 
for chlorine decay in drinking water distribution systems', Water Science and 
Technology, vol. 38, no. 6, pp. 219-27. 
Kim, H-C & Yu, M-J 2005, 'Characterization of natural organic matter in conventional 
water treatment processes for selection of treatment processes focused on DBPs 
control', Water Research, vol. 39, no. 19, pp. 4779-89. 
Kim, HC, Yu, MJ, Myung, GN, Koo, JY & Kim, YH 2004a, 'Characterization of 
natural organic matter in advanced water treatment processes for DBPs control', in M 
Van Loosdrecht & J Clement (eds), 2nd IWA Leading-Edge Conference on Water 
and Wastewater Treatment Technologies, pp. 97-106. 
Kim, J-W, Choi, H & Pachepsky, YA 2010, 'Biofilm morphology as related to the 
porous media clogging', Water Research, vol. 44, no. 4, pp. 1193-201. 
Kim, K & Logan, BE 2000, 'Fixed-bed bioreactor treating perchlorate-contaminated 
waters', Environmental engineering science, vol. 17, no. 5, pp. 257-65. 
Kim, S, Kaplan, LA, Benner, R & Hatcher, PG 2004b, 'Hydrogen-deficient molecules 
in natural riverine water samples—evidence for the existence of black carbon in 
DOM', Marine Chemistry, vol. 92, no. 1–4, pp. 225-34. 
Kim, TG, Yun, J, Hong, S-h & Cho, K-s 2014, 'Effects of water temperature and 
backwashing on bacterial population and community in a biological activated carbon 
process at a water treatment plant', Applied Microbiology and Biotechnology, vol. 98, 
no. 3, pp. 1417-27. 
Kim, WH, Nishijima, W, Baes, AU & Okada, M 1997, 'Micropollutant removal with 
saturated biological activated carbon (BAC) in ozonation-BAC process', Water 
Science and Technology, vol. 36, no. 12, pp. 283-98. 
King, W & Marrett, L 1996, 'Case-control study of bladder cancer and chlorination by-
products in treated water (Ontario, Canada)', Cancer Causes & Control, vol. 7, no. 6, 
pp. 596-604. 
Kishimoto, N & Nakamura, E 2012, 'Bromate Formation Characteristics of UV 
Irradiation, Hydrogen Peroxide Addition, Ozonation, and Their Combination 
Processes', International Journal of Photoenergy, vol. 2012, p. 10. 
 
241 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Klimenko, N, Winther-Nielsen, M, Smolin, S, Nevynna, L & Sydorenko, J 2002, 'Role 
of the physico-chemical factors in the purification process of water from surface-
active matter by biosorption', Water Research, vol. 36, no. 20, pp. 5132-40. 
Kohpaei, AJ & Sathasivan, A 2011, 'Chlorine decay prediction in bulk water using the 
parallel second order model: an analytical solution development', Chemical 
Engineering Journal, vol. 171, no. 1, pp. 232-41. 
Korotta-Gamage, SM & Sathasivan, A 2016, 'Improving coagulability and chlorine 
stability through biologically activated carbon treatment', paper presented to 
Conference of International Water Association (IWA) World Water Congress, 
Brisbane, Australia, 9-13 October 2016. 
Korotta-Gamage, SM & Sathasivan, A 2017a, 'Biologically activated carbon can 
overcome the emerging challenges of coagulation process', paper presented to 
Australia's International Water Conference and Exhibition, Sydney, Australia, 16-18 
May, 2017. 
Korotta-Gamage, SM & Sathasivan, A 2017b, 'Potential of a biologically activated 
carbon treatment to remove organic carbon from surface waters', International 
Biodeterioration and Biodegradation. 
Korotta-Gamage, SM & Sathasivan, A 2017c, 'A review: Potential and challenges of 
biologically activated carbon to remove natural organic matter in drinking water 
purification process', Chemosphere, vol. 167, pp. 120-38. 
Korshin, G, Chow, CWK, Fabris, R & Drikas, M 2009, 'Absorbance spectroscopy-
based examination of effects of coagulation on the reactivity of fractions of natural 
organic matter with varying apparent molecular weights', Water Research, vol. 43, 
no. 6, pp. 1541-8. 
Korth, A, Fiebiger, C, Bornmann, K & Schmidt, W 2004, 'NOM increase in drinking 
water reservoirs  - relevance for drinking water production', Water Science & 
Technology: Water Supply, vol. 4, no. 4, pp. 55-60. 
Krasner, SW, Weinberg, HS, Richardson, SD, Pastor, SJ, Chinn, R, Sclimenti, MJ, 
Onstad, GD & Thruston, AD 2006, 'Occurrence of a New Generation of Disinfection 
Byproducts†', Environmental Science & Technology, vol. 40, no. 23, pp. 7175-85. 
Kwon, D-s, Tak, S-y, Lee, J-e, Kim, M-k, Lee, YH, Han, DW, Kang, S & Zoh, K-d 
2017, 'Desorption of micropollutant from spent carbon filters used for water purifier', 
Environmental Science and Pollution Research International, vol. 24, no. 21, pp. 
17606-15. 
 
242 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Lalhmunsiama, Lee, SM & Tiwari, D 2013, 'Manganese oxide immobilized activated 
carbons in the remediation of aqueous wastes contaminated with copper(II) and 
lead(II)', Chemical Engineering Journal, vol. 225, no. 0, pp. 128-37. 
Laspidou, CS & Rittmann, BE 2002, 'A unified theory for extracellular polymeric 
substances, soluble microbial products, and active and inert biomass', Water 
Research, vol. 36, no. 11, pp. 2711-20. 
Laspidou, CS & Rittmann, BE 2004a, 'Evaluating trends in biofilm density using the 
UMCCA model', Water Research, vol. 38, no. 14–15, pp. 3362-72. 
Laspidou, CS & Rittmann, BE 2004b, 'Modeling the development of biofilm density 
including active bacteria, inert biomass, and extracellular polymeric substances', 
Water Research, vol. 38, no. 14–15, pp. 3349-61. 
Laurent, P, Kihn, A, Andersson, A & Servais, P 2003, 'Impact of backwashing on 
nitrification in the biological activated carbon filters used in drinking water 
treatment', Environmental Technology, vol. 24, no. 3, pp. 277-87. 
Lazarova, V & Manem, J 1995, 'Biofilm characterization and activity analysis in water 
and wastewater treatment', Water Research, vol. 29, no. 10, pp. 2227-45. 
Le Bihan, Y & Lessard, P 2000, 'Monitoring biofilter clogging: biochemical 
characteristics of the biomass', Water Research, vol. 34, no. 17, pp. 4284-94. 
LeChevallier, MW 1990, 'Coliform Regrowth in Drinking Water: A Review', Journal 
(American Water Works Association), vol. 82, no. 11, pp. 74-86. 
LeChevallier, MW, Becker, WC, Schorr, P & Lee, RG 1992, 'Evaluating the 
Performance of Biologically Active Rapid Filters', Journal  of American Water 
Works Association, vol. 84, no. 4, pp. 136-46. 
LeChevallier, MW, Cawthon, CD & Lee, RG 1988, 'Inactivation of biofilm bacteria', 
Applied and Environmental Microbiology, vol. 54, no. 10, pp. 2492-9. 
Ledesma, B, Román, S, Sabio, E & Álvarez-Murillo, A 2015, 'Improvement of spent 
activated carbon regeneration by wet oxidation processes', The Journal of 
Supercritical Fluids, vol. 104, pp. 94-103. 
Lee, E-J, Kwon, J-S, Park, H-S, Ji, WH, Kim, H-S & Jang, A 2013, 'Influence of 
sodium hypochlorite used for chemical enhanced backwashing on biophysical 
treatment in MBR', Desalination, vol. 316, pp. 104-9. 
Lee, M-E, Park, JH, Chung, JW, Lee, C-Y & Kang, S 2015, 'Removal of Pb and Cu 
ions from aqueous solution by Mn3O4-coated activated carbon', Journal of 
Industrial and Engineering Chemistry, vol. 21, no. 0, pp. 470-5. 
243 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
 
Lee, N, Amy, G, Croué, J-P & Buisson, H 2004, 'Identification and understanding of 
fouling in low-pressure membrane (MF/UF) filtration by natural organic matter 
(NOM)', Water Research, vol. 38, no. 20, pp. 4511-23. 
Leenheer, JA & Croué, J-P 2003, 'Peer Reviewed: Characterizing Aquatic Dissolved 
Organic Matter', Environmental Science & Technology, vol. 37, no. 1, pp. 18A-26A. 
Lehmann, J & Kleber, M 2015, 'The contentious nature of soil organic matter', Nature, 
vol. advance online publication. 
Lehtola, MJ, Miettinen, IT, Vartiainen, T & Martikainen, PJ 2002, 'Changes in content 
of microbially available phosphorus, assimilable organic carbon and microbial 
growth potential during drinking water treatment processes', Water Research, vol. 
36, no. 15, pp. 3681-90. 
Leyva, R, R., Ovalle, T, J. & Sanchez, C, M. A. 1999, 'Adsorption of fluoride from 
aqueous solution on aluminum-impregnated carbon', Carbon, vol. 37, no. 4, pp. 609-
17. 
Li, C-C, Wang, Y-J, Dang, F & Zhou, D-M 2016, 'Mechanistic understanding of 
reduced AgNP phytotoxicity induced by extracellular polymeric substances', Journal 
of Hazardous Materials, vol. 308, pp. 21-8. 
Li, L, Zhu, W, Zhang, P, Lu, P, Zhang, Q & Zhang, Z 2007, 'UV/O3-BAC process for 
removing organic pollutants in secondary effluents', Desalination, vol. 207, no. 1, pp. 
114-24. 
Li, L, Zhu, W, Zhang, P, Zhang, Q & Zhang, Z 2006, 'AC/O3-BAC processes for 
removing refractory and hazardous pollutants in raw water', Journal of Hazardous 
Materials, vol. 135, no. 1–3, pp. 129-33. 
Li, X, Upadhyaya, G, Yuen, W, Brown, J, Morgenroth, E & Raskin, L 2010, 'Changes 
in the Structure and Function of Microbial Communities in Drinking Water 
Treatment Bioreactors upon Addition of Phosphorus', Applied and Environmental 
Microbiology, vol. 76, no. 22, pp. 7473-81. 
Li, X, Yuen, W, Morgenroth, E & Raskin, L 2012, 'Backwash intensity and frequency 
impact the microbial community structure and function in a fixed-bed biofilm 
reactor.', Applied Microbiology and Biotechnology, vol. 96, no. 3, p. 815. 
Liao, X, Chen, C, Chang, C-H, Wang, Z, Zhang, X & Xie, S 2012, 'Heterogeneity of 
microbial community structures inside the up-flow biological activated carbon 
(BAC) filters for the treatment of drinking water', Biotechnology and Bioprocess 
Engineering, vol. 17, no. 4, pp. 881-6. 
244 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Liao, X, Chen, C, Wang, Z, Wan, R, Chang, C-H, Zhang, X & Xie, S 2013, 'Changes 
of biomass and bacterial communities in biological activated carbon filters for 
drinking water treatment', Process Biochemistry, vol. 48, no. 2, pp. 312-6. 
Liao, X, Chen, C, Zhang, J, Dai, Y, Zhang, X & Xie, S 2015, 'Operational 
performance, biomass and microbial community structure: impacts of backwashing 
on drinking water biofilter', Environmental Science and Pollution Research 
International, vol. 22, no. 1, pp. 546-54. 
Lin, C-F, Lin, T-Y & Hao, OJ 2000, 'Effects of humic substance characteristics on UF 
performance', Water Research, vol. 34, no. 4, pp. 1097-106. 
Lin, C-K, Tsai, T-Y, Liu, J-C & Chen, M-C 2001, 'Enhanced biodegradation of 
petrochemical wastewater using ozonation and bac advanced treatment system', 
Water Research, vol. 35, no. 3, pp. 699-704. 
Lin, T, Chen, W & Wang, L 2010, 'Particle properties in granular activated carbon 
filter during drinking water treatment', Journal of Environmental Sciences, vol. 22, 
no. 5, pp. 681-8. 
Liu, C, Olivares, CI, Pinto, AJ, Lauderdale, CV, Brown, J, Selbes, M & Karanfil, T 
2017a, 'The control of disinfection byproducts and their precursors in biologically 
active filtration processes', Water Research, vol. 124, no. Supplement C, pp. 630-53. 
Liu, C, Sun, Y, Wang, D, Sun, Z, Chen, M, Zhou, Z & Chen, W 2017b, 'Performance 
and mechanism of low-frequency ultrasound to regenerate the biological activated 
carbon', Ultrasonics Sonochemistry, vol. 34, pp. 142-53. 
Liu, J & Zhang, X 2014, 'Comparative toxicity of new halophenolic DBPs in 
chlorinated saline wastewater effluents against a marine alga: Halophenolic DBPs 
are generally more toxic than haloaliphatic ones', Water Research, vol. 65, pp. 64-72. 
Liu, K, Roddick, FA & Fan, L 2011, 'Potential of UV/H2O2 oxidation for enhancing 
the biodegradability of municipal reverse osmosis concentrates', Water Science & 
Technology, vol. 63, no. 11, pp. 2605-11. 
Liu, S, Li, Z, Dong, H, Goodman, BA & Qiang, Z 2017c, 'Formation of iodo-
trihalomethanes, iodo-acetic acids, and iodo-acetamides during chloramination of 
iodide-containing waters: Factors influencing formation and reaction pathways', 
Journal of Hazardous Materials, vol. 321, pp. 28-36. 
Liu, X, Huck, PM & Slawson, RM 2001, 'Factors affecting drinking water 
biofiltration', American Water Works Association. Journal, vol. 93, no. 12, pp. 16-90. 
245 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Liu, Y, Yang, S-F, Li, Y, Xu, H, Qin, L & Tay, J-H 2004, 'The influence of cell and 
substratum surface hydrophobicities on microbial attachment', Journal of 
Biotechnology, vol. 110, no. 3, pp. 251-6. 
Liu, Y & Zhao, Q 2005, 'Influence of surface energy of modified surfaces on bacterial 
adhesion', Biophysical Chemistry, vol. 117, no. 1, pp. 39-45. 
Lohwacharin, J, Phetrak, A, Takizawa, S, Kanisawa, Y & Okabe, S 2015, 'Bacterial 
growth during the start-up period of pilot-scale biological activated carbon filters: 
Effects of residual ozone and chlorine and backwash intervals', Process 
Biochemistry, vol. 50, no. 10, pp. 1640-7. 
Lohwacharin, J, Yang, Y, Watanabe, N, Phetrak, A, Sakai, H, Murakami, M, Oguma, 
K & Takizawa, S 2011, 'Characterization of DOM Removal by Full-Scale Biological 
Activated Carbon (BAC) Filters Having Different Ages', paper presented to IWA 
Specialty Conference on NAtural Organic Matter, Costa Mesa, CA, USA, July 27-
29, 2011. 
Lou, J-C, Huang, C-E, Han, J-Y & Huang, Y-J 2010, 'Generation of disinfection by-
products (DBPs) at two advanced water treatment plants', Environmental Monitoring 
and Assessment, vol. 162, no. 1, pp. 365-75. 
Lu, J, Fan, L & Roddick, FA 2013, 'Potential of BAC combined with UVC/H2O2 for 
reducing organic matter from highly saline reverse osmosis concentrate produced 
from municipal wastewater reclamation', Chemosphere, vol. 93, no. 4, pp. 683-8. 
Luo, Y, Guo, W, Ngo, HH, Nghiem, LD, Hai, FI, Zhang, J, Liang, S & Wang, XC 
2014, 'A review on the occurrence of micropollutants in the aquatic environment and 
their fate and removal during wastewater treatment', Science of The Total 
Environment, vol. 473–474, pp. 619-41. 
Mahamuni, NN & Adewuyi, YG 2010, 'Advanced oxidation processes (AOPs) 
involving ultrasound for waste water treatment: A review with emphasis on cost 
estimation', Ultrasonics Sonochemistry, vol. 17, no. 6, pp. 990-1003. 
Masten, SJ & Davies, SHR 1994, 'THE USE OF OZONATION TO DEGRADE 
ORGANIC CONTAMINANTS IN WASTEWATERS', Environmental Science & 
Technology, vol. 28, no. 4, pp. 180A-5A. 
Matilainen, A, Lindqvist, N, Korhonen, S & Tuhkanen, T 2002, 'Removal of NOM in 
the different stages of the water treatment process', Environment International, vol. 
28, no. 6, pp. 457-65. 
Matilainen, A, Lindqvist, N & Tuhkanen, T 2005, 'Comparison of the Effiency of 
Aluminium and Ferric Sulphate in the Removal of Natural Organic Matter During 
246 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Drinking Water Treatment Process', Environmental Technology, vol. 26, no. 8, pp. 
867-76. 
Matilainen, A & Sillanpää, M 2010a, 'Removal of natural organic matter from 
drinking water by advanced oxidation processes', Chemosphere, vol. 80, no. 4, pp. 
351-65. 
Matilainen, A, Vepsäläinen, M & Sillanpää, M 2010b, 'Natural organic matter removal 
by coagulation during drinking water treatment: A review', Advances in Colloid and 
Interface Science, vol. 159, no. 2, pp. 189-97. 
Mergen, MRD, Jefferson, B, Parsons, SA & Jarvis, P 2008, 'Magnetic ion-exchange 
resin treatment: Impact of water type and resin use', Water Research, vol. 42, no. 8–
9, pp. 1977-88. 
Miltner, RJ, Summers, RS & Wang, JZ 1995, 'Biofiltration performance - part II: 
effect of backwashing', American Water Works Association. Journal, vol. 87, no. 12, 
pp. 64-70. 
Mohajerani, M, Mehrvar, M & Ein-Mozaffari, F 2009, 'An overview of the integration 
of advanced oxidation technologies and other processes for water and wastewater 
treatment', International Journal of Engineering, vol. 3, no. 2, pp. 120-46. 
Möhle, RB, Langemann, T, Haesner, M, Augustin, W, Scholl, S, Neu, TR, Hempel, 
DC & Horn, H 2007, 'Structure and shear strength of microbial biofilms as 
determined with confocal laser scanning microscopy and fluid dynamic gauging 
using a novel rotating disc biofilm reactor', Biotechnology and Bioengineering, vol. 
98, no. 4, pp. 747-55. 
Moll, DM, Summers, RS & Breen, A 1998, 'Microbial Characterization of Biological 
Filters Used for Drinking Water Treatment', Applied and Environmental 
Microbiology, vol. 64, no. 7, pp. 2755-9. 
Moll, DM, Summers, RS, Fonseca, AC & Matheis, W 1999, 'Impact of Temperature 
on Drinking Water Biofilter Performance and Microbial Community Structure', 
Environmental Science & Technology, vol. 33, no. 14, pp. 2377-82. 
Moreno-Castilla, C 2004, 'Adsorption of organic molecules from aqueous solutions on 
carbon materials', Carbon, vol. 42, no. 1, pp. 83-94. 
Namkung, E & Rittmann, BE 1986, 'Soluble microbial products (SMP) formation 
kinetics by biofilms', Water Research, vol. 20, no. 6, pp. 795-806. 
Newcombe, G 2002, Removal of algal toxins from drinking water using ozone and 
GAC, American Water Works Association. 
247 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
 
Newcombe, G & Drikas, M 1997a, 'Adsorption of NOM onto activated carbon: 
Electrostatic and non-electrostatic effects', Carbon, vol. 35, no. 9, pp. 1239-50. 
Newcombe, G, Drikas, M, Assemi, S & Beckett, R 1997b, 'Influence of characterised 
natural organic material on activated carbon adsorption: I. Characterisation of 
concentrated reservoir water', Water Research, vol. 31, no. 5, pp. 965-72. 
Nielsen, PH, Jahn, A & Palmgren, R 1997, 'Conceptual model for production and 
composition of exopolymers in biofilms', Water Science and Technology, vol. 36, no. 
1, pp. 11-9. 
Niemi, RM, Heiskanen, I, Heine, R & Rapala, J 2009, 'Previously uncultured β-
Proteobacteria dominate in biologically active granular activated carbon (BAC) 
filters', Water Research, vol. 43, no. 20, pp. 5075-86. 
Niquette, P, Prevost, M, Maclean, RG & Thibault, D 1998, 'Backwashing first-stage 
sand--BAC filters', American Water Works Association. Journal, vol. 90, no. 1, p. 
86. 
Oh, W-D, Lim, P-E, Seng, C-E & Sujari, ANA 2011, 'Bioregeneration of granular 
activated carbon in simultaneous adsorption and biodegradation of chlorophenols', 
Bioresource Technology, vol. 102, no. 20, pp. 9497-502. 
Owen, DM, Amy, GL, Chowdhury, ZK, Paode, R, McCoy, G & Viscosil, K 1995, 
'NOM Characterization and Treatability', American Water Works Association. 
Journal, vol. 87, Number 1, pp. 46-63. 
Pals, J, Attene-Ramos, MS, Xia, M, Wagner, ED & Plewa, MJ 2013, 'Human Cell 
Toxicogenomic Analysis Linking Reactive Oxygen Species to the Toxicity of 
Monohaloacetic Acid Drinking Water Disinfection Byproducts', Environmental 
Science & Technology, vol. 47, no. 21, pp. 12514-23. 
Park, K-Y, Choi, S-Y, Lee, S-H, Kweon, J-H & Song, J-H 2016, 'Comparison of 
formation of disinfection by-products by chlorination and ozonation of wastewater 
effluents and their toxicity to Daphnia magna', Environmental Pollution, vol. 215, 
pp. 314-21. 
Pellicer-Nàcher, C & Smets, BF 2014, 'Structure, composition, and strength of 
nitrifying membrane-aerated biofilms', Water Research, vol. 57, pp. 151-61. 
Pernitsky, DJ, Finch, GR & Huck, PM 1997, 'Recovery of attached bacteria from GAC 
fines and implications for disinfection efficacy', Water Research, vol. 31, no. 3, pp. 
385-90. 
248 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
 
Persson, F, Heinicke, G, Uhl, W, Hedberg, T & Hermansson, M 2006, 'Performance of 
Direct Biofiltration of Surface Water for Reduction of Biodegradable Organic Matter 
and Biofilm Formation Potential', Environmental Technology, vol. 27, no. 9, pp. 
1037-45. 
Pipe-Martin, C, Reungoat, J & Keller, J 2010, Dissolved Organic Carbon Removal by 
Biological Treatment, 76, Water Quality Research Australia Limited. 
Pivokonsky, M, Naceradska, J, Brabenec, T, Novotna, K, Baresova, M & Janda, V 
2015, 'The impact of interactions between algal organic matter and humic substances 
on coagulation', Water Research, vol. 84, pp. 278-85. 
Pradhan, S, Fan, L & Roddick, FA 2015, 'Removing organic and nitrogen content 
from a highly saline municipal wastewater reverse osmosis concentrate by 
UV/H2O2–BAC treatment', Chemosphere, vol. 136, pp. 198-203. 
Pramanik, BK, Roddick, FA & Fan, L 2016, 'Long-term operation of biological 
activated carbon pre-treatment for microfiltration of secondary effluent: Correlation 
between the organic foulants and fouling potential', Water Research, vol. 90, pp. 
405-14. 
Pramanik, BK, Roddick, FA, Fan, L, Jeong, S & Vigneswaran, S 2015, 'Assessment of 
biological activated carbon treatment to control membrane fouling in reverse osmosis 
of secondary effluent for reuse in irrigation', Desalination, vol. 364, no. Supplement 
C, pp. 90-5. 
Prévost, M, Gauthier, C, Hureïki, L, Desjardins, R & Servais, P 1998, 'Removal of 
Amino Acids, Biodegradable Organic Carbon and Chlorine Demand by Biological 
Filtration in Cold Water', Environmental Technology, vol. 19, no. 9, pp. 903-11. 
Qin, W, Li, W-g, Gong, X-j, Huang, X-f, Fan, W-b, Zhang, D, Yao, P, Wang, X-j & 
Song, Y 2017, 'Seasonal-related effects on ammonium removal in activated carbon 
filter biologically enhanced by heterotrophic nitrifying bacteria for drinking water 
treatment', Environmental Science and Pollution Research International, vol. 24, no. 
24, pp. 19569-82. 
Quinlivan, PA, Li, L & Knappe, DRU 2005, 'Effects of activated carbon 
characteristics on the simultaneous adsorption of aqueous organic micropollutants 
and natural organic matter', Water Research, vol. 39, no. 8, pp. 1663-73. 
Quintelas, C, Silva, B, Figueiredo, H & Tavares, T 2010, 'Removal of organic 
compounds by a biofilm supported on GAC: modelling of batch and column data', 
Biodegradation, vol. 21, no. 3, pp. 379-92. 
249 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
 
Radovic, LR, Moreno-Castilla, C & Rivera-Utrilla, J 2001, Carbon materials as 
adsorbents in aqueous solutions, ed. MD Radovic LR, New York. 
Ramseier, MK, Peter, A, Traber, J & von Gunten, U 2011, 'Formation of assimilable 
organic carbon during oxidation of natural waters with ozone, chlorine dioxide, 
chlorine, permanganate, and ferrate', Water Research, vol. 45, no. 5, pp. 2002-10. 
Rasheed, A, Amirtharajah, A, Al-Shawwa, A & Huck, PM 1998, 'Effects of 
backwashing on biological filters', American Water Works Association. Journal, vol. 
90, no. 12, p. 62. 
Rattier, M, Reungoat, J, Gernjak, W & Keller, J 2012, Organic micropollutant 
removal by biological activated carbon filtration: A review, Urban Water Security 
Research Alliance. 
Reichert, P 1994, 'AQUASIM – a tool for simulation and data analysis of aquatic 
systems', Water Science and Technology, vol. 30, no. 2, pp. 21-30. 
Reichert, P 1998, AQUASIM 2.0 e User Manual, Du¨ bendorf, Switzerland. 
Reungoat, J, Escher, BI, Macova, M & Keller, J 2011, 'Biofiltration of wastewater 
treatment plant effluent: Effective removal of pharmaceuticals and personal care 
products and reduction of toxicity', Water Research, vol. 45, no. 9, pp. 2751-62. 
Ribas, F, Frías, J, Huguet, JM & Lucena, F 1997, 'Efficiency of various water 
treatment processes in the removal of biodegradable and refractory organic matter', 
Water Research, vol. 31, no. 3, pp. 639-49. 
Richardson, SD 2011, 'Disinfection By-Products: Formation and Occurrence in 
Drinking Water', in JO Nriagu (ed.), Encyclopedia of Environmental Health, 
Elsevier, Burlington, pp. 110-36. 
Richardson, SD & Kimura, SY 2016, 'Water Analysis: Emerging Contaminants and 
Current Issues', Analytical Chemistry, vol. 88, no. 1, pp. 546-82. 
Rijnaarts, HHM, Norde, W, Bouwer, EJ, Lyklema, J & Zehnder, AJB 1996, 'Bacterial 
Deposition in Porous Media:  Effects of Cell-Coating, Substratum Hydrophobicity, 
and Electrolyte Concentration', Environmental Science & Technology, vol. 30, no. 
10, pp. 2877-83. 
Ritson, JP, Graham, NJD, Templeton, MR, Clark, JM, Gough, R & Freeman, C 2014, 
'The impact of climate change on the treatability of dissolved organic matter (DOM) 
in upland water supplies: A UK perspective', Science of The Total Environment, vol. 
473–474, no. 0, pp. 714-30. 
250 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Rivera-Utrilla, J, Bautista-Toledo, I, Ferro-García, MA & Moreno-Castilla, C 2001, 
'Activated carbon surface modifications by adsorption of bacteria and their effect on 
aqueous lead adsorption', Journal of Chemical Technology & Biotechnology, vol. 76, 
no. 12, pp. 1209-15. 
Rossman, LA 2006, 'The effect of advanced treatment on chlorine decay in metallic 
pipes', Water Research, vol. 40, no. 13, pp. 2493-502. 
Rulianti, AD, Hasegawa, M, Ikunaga, Y, Sato, Y & Ohta, H 2007, 'Isolation of 
octylphenol polyethoxylate-degrading soil bacteria: a long-term soil column study', 
Microbes and environments, vol. 22, no. 4, pp. 391-8. 
Sadiq, R & Rodriguez, MJ 2004, 'Disinfection by-products (DBPs) in drinking water 
and predictive models for their occurrence: a review', Science of The Total 
Environment, vol. 321, no. 1–3, pp. 21-46. 
Samrakandi, MM, Roques, C & Michel, G 1997, 'Influence of trophic conditions on 
exopolysaccharide production: bacterial biofilm susceptibility to chlorine and 
monochloramine', Canadian Journal of Microbiology, vol. 43, no. 8, pp. 751-8. 
Sánchez-Polo, M, von Gunten, U & Rivera-Utrilla, J 2005, 'Efficiency of activated 
carbon to transform ozone into OH radicals: Influence of operational parameters', 
Water Research, vol. 39, no. 14, pp. 3189-98. 
Sang, J, Zhang, X, Li, L & Wang, Z 2003, 'Improvement of organics removal by bio-
ceramic filtration of raw water with addition of phosphorus', Water Research, vol. 
37, no. 19, pp. 4711-8. 
Sathasivan, A & Ohgaki, S 1999, 'Application of new bacterial regrowth potential 
method for water distribution system – a clear evidence of phosphorus limitation', 
Water Research, vol. 33, no. 1, pp. 137-44. 
Sathasivan, A, Ohgaki, S, Yamamoto, K & Kamiko, N 1997, 'Role of inorganic 
phosphorus in controlling regrowth in water distribution system', Water Science and 
Technology, vol. 35, no. 8, pp. 37-44. 
Satya, S, P. M. & Krishnaiah, K 2005, 'Development of the Pore-Size Distribution in 
Activated Carbon Produced from Coconut Shell Char in a Fluidized-Bed Reactor', 
Industrial & Engineering Chemistry Research, vol. 44, no. 1, pp. 51-60. 
Schäfer, AI, Fane, AG & Waite, TD 2001, 'Cost factors and chemical pretreatment 
effects in the membrane filtration of waters containing natural organic matter', Water 
Research, vol. 35, no. 6, pp. 1509-17. 
251 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Schmidt, MWI & Noack, AG 2000, 'Black carbon in soils and sediments: Analysis, 
distribution, implications, and current challenges', Global Biogeochemical Cycles, 
vol. 14, no. 3, pp. 777-93. 
Schmidt, MWI, Torn, MS, Abiven, S, Dittmar, T, Guggenberger, G, Janssens, IA, 
Kleber, M, Kogel-Knabner, I, Lehmann, J, Manning, DAC, Nannipieri, P, Rasse, DP, 
Weiner, S & Trumbore, SE 2011, 'Persistence of soil organic matter as an ecosystem 
property', Nature, vol. 478, no. 7367, pp. 49-56. 
Scholz, M & Martin, RJ 1997, 'Ecological equilibrium on biological activated carbon', 
Water Research, vol. 31, no. 12, pp. 2959-68. 
Seredyńska-Sobecka, B, Tomaszewska, M, Janus, M & Morawski, AW 2006, 
'Biological activation of carbon filters', Water Research, vol. 40, no. 2, pp. 355-63. 
Seredyńska-Sobecka, B, Tomaszewska, M & Morawski, AW 2005, 'Removal of 
micropollutants from water by ozonation/biofiltration process', Desalination, vol. 
182, no. 1, pp. 151-7. 
Servais, P, Anzil, A & Ventresque, C 1989, 'Simple method for determination of 
biodegradable dissolved organic carbon in water', Applied and Environmental 
Microbiology, vol. 55, no. 10, pp. 2732-4. 
Servais, P, Billen, G & Bouillot, P 1994, 'Biological Colonization of Granular 
Activated Carbon Filters in Drinking‐Water Treatment', Journal of Environmental 
Engineering, vol. 120, no. 4, pp. 888-99. 
Servais, P, Billen, G & Hascoët, M-C 1987, 'Determination of the biodegradable 
fraction of dissolved organic matter in waters', Water Research, vol. 21, no. 4, pp. 
445-50. 
Servais, P, Billen, G, Ventresque, C & Bablon, GP 1991, 'Microbial Activity in GAC 
Filters at the Choisy-le-Roi Treatment Plant', American Water Works Association. 
Journal, vol. 83, Number 2, no. February 1991, pp. 62-8. 
Servais, P, Laurent, P & Randon, G 1995, 'Comparison of the bacterial dynamics in 
various French distribution systems', Journal of Water Supply Research and 
Technology-Aqua, vol. 44, pp. 10-7. 
Shaarani, FW & Hameed, BH 2011, 'Ammonia-modified activated carbon for the 
adsorption of 2,4-dichlorophenol', Chemical Engineering Journal, vol. 169, no. 1–3, 
pp. 180-5. 
252 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Sharp, EL, Jarvis, P, Parsons, SA & Jefferson, B 2006a, 'Impact of fractional character 
on the coagulation of NOM', Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, vol. 286, no. 1–3, pp. 104-11. 
Sharp, EL, Parsons, SA & Jefferson, B 2006b, 'Seasonal variations in natural organic 
matter and its impact on coagulation in water treatment', Science of The Total 
Environment, vol. 363, no. 1–3, pp. 183-94. 
Shen, H, Chen, X, Zhang, D & Chen, H-b 2016, 'Generation of soluble microbial 
products by bio-activated carbon filter during drinking water advanced treatment and 
its influence on spectral characteristics', Science of The Total Environment, vol. 569–
570, pp. 1289-98. 
Shende, RV & Mahajani, VV 2002, 'Wet oxidative regeneration of activated carbon 
loaded with reactive dye', Waste Management, vol. 22, no. 1, pp. 73-83. 
Shon, HK, Vigneswaran, S, Aim, RB, Ngo, HH, Kim, IS & Cho, J 2005, 'Influence of 
Flocculation and Adsorption as Pretreatment on the Fouling of Ultrafiltration and 
Nanofiltration Membranes:  Application with Biologically Treated Sewage Effluent', 
Environmental Science & Technology, vol. 39, no. 10, pp. 3864-71. 
Shon, HK, Vigneswaran, S, Kim, IS, Cho, J & Ngo, HH 2004, 'The effect of 
pretreatment to ultrafiltration of biologically treated sewage effluent: a detailed 
effluent organic matter (EfOM) characterization', Water Research, vol. 38, no. 7, pp. 
1933-9. 
Siddiqui, MS, Amy, GL & McCollum, LJ 1996, 'Bromate destruction by UV 
irradiation and electric arc discharge', Ozone: Science and Engineering, vol. 18, no. 
3, pp. 271-90. 
Siddiqui, MS, Amy, GL & Murphy, BD 1997, 'Ozone enhanced removal of natural 
organic matter from drinking water sources', Water Research, vol. 31, no. 12, pp. 
3098-106. 
Sillanpää, M 2015, 'Chapter 1 - General Introduction', in M Sillanpää (ed.), Natural 
Organic Matter in Water, Characterization And Treatment Methods, Butterworth-
Heinemann, Oxford, United Kingdom, pp. 1-15. 
Sillanpää, M & Matilainen, A 2015a, 'Chapter 3 - NOM Removal by Coagulation', in 
M Sillanpää (ed.), Natural Organic Matter in Water, Butterworth-Heinemann, pp. 
55-80. 
Sillanpää, M, Matilainen, A & Lahtinen, T 2015b, 'Chapter 2 - Characterization of 
NOM', in M Sillanpää (ed.), Natural Organic Matter in Water, Butterworth-
Heinemann, pp. 17-53. 
253 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Simpson, DR 2008, 'Biofilm processes in biologically active carbon water 
purification', Water Research, vol. 42, no. 12, pp. 2839-48. 
Singer, PC 2006, 'DBPs in drinking water: Additional scientific and policy 
considerations for public health protection', American Water Works Association. 
Journal, vol. 98, no. 10, pp. 73-80,12. 
Singer, PC & Bilyk, K 2002, 'Enhanced coagulation using a magnetic ion exchange 
resin', Water Research, vol. 36, no. 16, pp. 4009-22. 
Srivastava, NK & Majumder, CB 2008, 'Novel biofiltration methods for the treatment 
of heavy metals from industrial wastewater', Journal of Hazardous Materials, vol. 
151, no. 1, pp. 1-8. 
Stringfellow, WT, Mallon, K & DiGiano, FA 1993, 'Enumerating and Disinfecting 
Bacteria Associated With Particles Released From GAC Filter-Adsorbers', Journal 
(American Water Works Association), vol. 85, no. 9, pp. 70-80. 
Su, Z, Liu, T, Yu, W, Li, X & Graham, NJD 2017, 'Coagulation of surface water: 
Observations on the significance of biopolymers', Water Research, vol. 126, pp. 144-
52. 
Sun, H, Liu, Z, Wang, Y & Li, Y 2013, 'Electrochemical in situ regeneration of 
granular activated carbon using a three-dimensional reactor', Journal of 
Environmental Sciences, vol. 25, pp. S77-S9. 
Sun, Z, Liu, C, Cao, Z & Chen, W 2018, 'Study on regeneration effect and mechanism 
of high-frequency ultrasound on biological activated carbon', Ultrasonics 
Sonochemistry, vol. 44, pp. 86-96. 
Sutherland, I 1999, 'Biofilm polysaccharides', in J Wingender, TR Neu & H-C 
Flemming (eds), Microbial extracellular polymeric substances: Characterization, 
Structure and Function, Springer, Berlin, Heidelberg, Berlin, Heidelberg, pp. 73-92. 
Świetlik, J, Dąbrowska, A, Raczyk-Stanisławiak, U & Nawrocki, J 2004, 'Reactivity 
of natural organic matter fractions with chlorine dioxide and ozone', Water Research, 
vol. 38, no. 3, pp. 547-58. 
Takeuchi, Y, Mochidzuki, K, Matsunobu, N, Kojima, R, Motohashi, H & Yoshimoto, 
S 1997, 'Removal of organic substances from water by ozone treatment followed by 
biological activated carbon treatment', Water Science and Technology, vol. 35, no. 7, 
pp. 171-8. 
Tang, Q, Huang, X, Chen, Y, Liu, T & Yang, Y 2009, 'Characterization and catalytic 
application of highly dispersed manganese oxides supported on activated carbon', 
Journal of Molecular Catalysis A: Chemical, vol. 301, no. 1–2, pp. 24-30. 
254 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Teixeira, MR & Nunes, LM 2011, 'The impact of natural organic matter seasonal 
variations in drinking water quality', Desalination & Water Treatment, vol. 36, no. 1-
3, pp. 344-53. 
To, PC, Mariñas, BJ, Snoeyink, VL & Ng, WJ 2008, 'Effect of Strongly Competing 
Background Compounds on the Kinetics of Trace Organic Contaminant Desorption 
from Activated Carbon', Environmental Science & Technology, vol. 42, no. 7, pp. 
2606-11. 
Toor, R & Mohseni, M 2007, 'UV-H2O2 based AOP and its integration with 
biological activated carbon treatment for DBP reduction in drinking water', 
Chemosphere, vol. 66, no. 11, pp. 2087-95. 
Trang, VN, Phuong, LD, Dan, NP, Thanh, BX & Visvanathan, C 2012, 'Assessment 
on the trihalomethanes formation potential of Tan Hiep Water Treatment Plant', J 
Water Sustain, vol. 2, no. 1, pp. 43-53. 
Uhl, W 2000, 'Biofiltration processes for organic matter removal', Biotechnology Set, 
Second Edition, pp. 457-78. 
Umar, M, Roddick, F & Fan, L 2014, 'Effect of coagulation on treatment of municipal 
wastewater reverse osmosis concentrate by UVC/H2O2', Journal of Hazardous 
Materials, vol. 266, no. Supplement C, pp. 10-8. 
Urfer, D & Huck, PM 2001, 'Measurement of biomass activity in drinking water 
biofilters using a respirometric method', Water Research, vol. 35, no. 6, pp. 1469-77. 
Urfer, D, Huck, PM, Booth, SDJ & Coffey, BM 1997a, 'Biological filtration for BOM 
and particle removal: a critical review', Journal of American Water Works 
Association, vol. 89, no. 12, pp. 83-98. 
Urfer, D, Huck, PM, Booth, SDJ & Coffey, BM 1997b, 'Biological filtration for BOM 
and particle removal: A critical review', American Water Works Association. 
Journal, vol. 89, no. 12, p. 83. 
Van der Hoek, J, Hofman, J & Graveland, A 1999, 'The use of biological activated 
carbon filtration for the removal of natural organic matter and organic 
micropollutants from water', Water Science and Technology, vol. 40, no. 9, pp. 257-
64. 
van der Kooij, D 1992, 'Assimilable Organic Carbon as an Indicator of Bacterial 
Regrowth', Journal of American Water Works Association, vol. 84, no. 2, pp. 57-65. 
Van der Wende, E & Characklis, W 1990, 'Biofilms in potable water distribution 
systems', in Drinking water microbiology, Springer, pp. 249-68. 
255 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
van Leeuwen, J, Daly, R & Holmes, M 2005, 'Modeling the treatment of drinking 
water to maximize dissolved organic matter removal and minimize disinfection by-
product formation', Desalination, vol. 176, no. 1, pp. 81-9. 
Van Leeuwen, J, Holmes, M, Heidenreich, C, Daly, R, Fisher, I, Kastl, G, Sathasivan, 
A & Bursill, D 2003, 'Modelling the application of inorganic coagulants and pH 
control reagents for removal of organic matter from drinking waters', in Proc. 
Modsim, pp. 1835-40. 
van Loosdrecht, MCM, Norde, W, Lyklema, J & Zehnder, AJB 1990, 'Hydrophobic 
and electrostatic parameters in bacterial adhesion', Aquatic Sciences, vol. 52, no. 1, 
pp. 103-14. 
Vasconcelos, JJ, Rossman, LA, Grayman, WM, Boulos, PF & Clark, RM 1997, 
'Kinetics of chlorine decay', Journal of American Water Works Association, vol. 89, 
no. 7, pp. 54-65. 
Velten, S, Boller, M, Köster, O, Helbing, J, Weilenmann, H-U & Hammes, F 2011, 
'Development of biomass in a drinking water granular active carbon (GAC) filter', 
Water Research, vol. 45, no. 19, pp. 6347-54. 
Visvanathan, C, Boonthanon, N, Sathasivan, A & Jegatheesan, V 2003, 'Pretreatment 
of seawater for biodegradable organic content removal using membrane bioreactor', 
Desalination, vol. 153, no. 1–3, pp. 133-40. 
Voice, TC, Pak, D, Zhao, X, Shi, J & Hickey, RF 1992, 'Biological activated carbon in 
fluidized bed reactors for the treatment of groundwater contaminated with volatile 
aromatic hydrocarbons', Water Research, vol. 26, no. 10, pp. 1389-401. 
Volk, C, Bell, K, Ibrahim, E, Verges, D, Amy, G & LeChevallier, M 2000, 'Impact of 
enhanced and optimized coagulation on removal of organic matter and its 
biodegradable fraction in drinking water', Water Research, vol. 34, no. 12, pp. 3247-
57. 
Volk, C, Renner, C, Robert, C & Joret, JC 1994, 'Comparison of two techniques for 
measuring biodegradable dissolved organic carbon in water', Environmental 
Technology, vol. 15, no. 6, pp. 545-56. 
Volk, CJ 2001, 'Biodegradable organic matter measurement and bacterial regrowth in 
potable water', in RJ Doyle (ed.), Methods in Enzymology," Microbial Growth in 
Biofilms Part B: Special Environments and Physiochemical Aspects" Academic 
Press, USA, vol. 337. 
256 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Volk, CJ & Lechevallier, MW 2002, 'Effects of conventional treatment on AOC and 
BDOC levels', Journal (American Water Works Association), vol. 94, no. 6, pp. 112-
23. 
Walker, GM & Weatherley, LR 1997, 'A simplified predictive model for biologically 
activated carbon fixed beds', Process Biochemistry, vol. 32, no. 4, pp. 327-35. 
Walker, GM & Weatherley, LR 1998, 'Bacterial Regeneration in Biological Activated 
Carbon Systems', Process Safety and Environmental Protection, vol. 76, no. 2, pp. 
177-82. 
Wang, JZ, Summers, RS & Miltner, RJ 1995a, 'Biofiltration performance: Part 1, 
relationship to biomass', Journal of American Water Works Association, vol. 87, no. 
12, pp. 55-63. 
Wang, JZ, Summers, RS & Miltner, RJ 1995b, 'Biofiltration performance: Part I 
relationship to biomass', Journal (American Water Works Association), vol. 87, pp. 
55-63. 
Wang, L, Wen, Y, Guo, X, Wang, G, Li, S & Jiang, J 2010, 'Degradation of 
methamidophos by Hyphomicrobium species MAP-1 and the biochemical 
degradation pathway', Biodegradation, vol. 21, no. 4, pp. 513-23. 
Wang, L, Zhang, J, Zhao, R, Zhang, C, Li, C & Li, Y 2011, 'Adsorption of 2,4-
dichlorophenol on Mn-modified activated carbon prepared from Polygonum 
orientale Linn', Desalination, vol. 266, no. 1–3, pp. 175-81. 
Wang, M, Meng, Y, Ma, D, Wang, Y, Li, F, Xu, X, Xia, C & Gao, B 2017a, 
'Integration of coagulation and adsorption for removal of N-nitrosodimethylamine 
(NDMA) precursors from biologically treated municipal wastewater', Environmental 
Science and Pollution Research International, vol. 24, no. 13, pp. 12426-36. 
Wang, Q, You, W, Li, X, Yang, Y & Liu, L 2014, 'Seasonal changes in the 
invertebrate community of granular activated carbon filters and control technologies', 
Water Research, vol. 51, pp. 216-27. 
Wang, S, Lin, T, Chen, W & Chen, H 2017b, 'Optimization of the precursor removal 
of dichloroacetonitrile (DCAN), an emerging nitrogenous disinfection by-product, in 
an up-flow BAC filter', Chemosphere, vol. 189, no. Supplement C, pp. 309-18. 
Wang, S & Zhu, ZH 2007, 'Effects of acidic treatment of activated carbons on dye 
adsorption', Dyes and Pigments, vol. 75, no. 2, pp. 306-14. 
Wassink, JK, Andrews, RC, Peiris, RH & Legge, RL 2011, 'Evaluation of 
fluorescence excitation-emission and LC-OCD as methods of detecting removal of 
257 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
NOM and DBP precursors by enhanced coagulation', Water Science & Technology, 
vol. 11, no. 5, pp. 621-30. 
Watson, K, Farré, MJ & Knight, N 2015, 'Enhanced coagulation with powdered 
activated carbon or MIEX® secondary treatment: A comparison of disinfection by-
product formation and precursor removal', Water Research, vol. 68, pp. 454-66. 
Weber, JW, Pirbazari, M & Melson, G 1978, 'Biological growth on activated carbon: 
an investigation by scanning electron microscopy', Environmental Science & 
Technology, vol. 12, no. 7, pp. 817-9. 
Wert, EC, Neemann, JJ, Rexing, DJ & Zegers, RE 2008, 'Biofiltration for removal of 
BOM and residual ammonia following control of bromate formation', Water 
Research, vol. 42, no. 1–2, pp. 372-8. 
Westerhoff, P, Chao, P & Mash, H 2004, 'Reactivity of natural organic matter with 
aqueous chlorine and bromine', Water Research, vol. 38, no. 6, pp. 1502-13. 
Williams, MD & Pirbazari, M 2007, 'Membrane bioreactor process for removing 
biodegradable organic matter from water', Water Research, vol. 41, no. 17, pp. 3880-
93. 
Wingender, J, Neu, TR & Flemming, H-C 2012, Microbial extracellular polymeric 
substances: characterization, structure and function, Springer Science & Business 
Media. 
Woolschlager, J & Rittman, B 1995a, 'Determining the actual amount of 
biodegradable organic matter in drinking water supplies', in Proc. 1995 AWWA Ann. 
Conf., Anaheim, Calif. 
Woolschlager, J & Rittmann, B 1995b, 'Evaluating what is measured by BDOC and 
AOC tests?', Revue des Sciences de L'eau, vol. 8, no. 3, pp. 371-85. 
Xing, L, Xie, Y, Cao, H, Minakata, D, Zhang, Y & Crittenden, JC 2014, 'Activated 
carbon-enhanced ozonation of oxalate attributed to HO oxidation in bulk solution 
and surface oxidation: Effects of the type and number of basic sites', Chemical 
Engineering Journal, vol. 245, pp. 71-9. 
Xing, X, Wang, H, Hu, C & Liu, L 2017, 'Characterization of bacterial community and 
iron corrosion in drinking water distribution systems with O3-biological activated 
carbon treatment', Journal of Environmental Sciences. 
Xue, Z & Seo, Y 2013, 'Impact of Chlorine Disinfection on Redistribution of Cell 
Clusters from Biofilms', Environmental Science & Technology, vol. 47, no. 3, pp. 
1365-72. 
258 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Yan, M, Wang, D, Shi, B, Wang, M & Yan, Y 2007, 'Effect of Pre-ozonation on 
Optimized Coagulation of a Typical North-China Source Water', Chemosphere, vol. 
69, no. 11, pp. 1695-702. 
Yang, BM, Liu, JK, Chien, CC, Surampalli, RY & Kao, CM 2011, 'Variations in AOC 
and microbial diversity in an advanced water treatment plant', Journal of Hydrology, 
vol. 409, no. 1, pp. 225-35. 
Yang, M & Zhang, X 2013, 'Comparative Developmental Toxicity of New Aromatic 
Halogenated DBPs in a Chlorinated Saline Sewage Effluent to the Marine Polychaete 
Platynereis dumerilii', Environmental Science & Technology, vol. 47, no. 19, pp. 
10868-76. 
Yang, Y, Lu, J, Yu, H & Yang, X 2016, 'Characteristics of disinfection by-products 
precursors removal from micro-polluted water by constructed wetlands', Ecological 
Engineering, vol. 93, pp. 262-8. 
Yapsakli, K & Çeçen, F 2010, 'Effect of type of granular activated carbon on DOC 
biodegradation in biological activated carbon filters', Process Biochemistry, vol. 45, 
no. 3, pp. 355-62. 
Yapsaklı, K, Çeçen, F, Aktaş, Ö & Can, ZS 2009, 'Impact of Surface Properties of 
Granular Activated Carbon and Preozonation on Adsorption and Desorption of 
Natural Organic Matter', Environmental engineering science, vol. 26, no. 3, pp. 489-
500. 
Yin, CY, Aroua, MK & Daud, WMAW 2007, 'Review of modifications of activated 
carbon for enhancing contaminant uptakes from aqueous solutions', Separation and 
Purification Technology, vol. 52, no. 3, pp. 403-15. 
Yu, X, Shi, X, Wei, B, Ye, L & Zhang, S 2009, 'PLFA profiles of drinking water 
biofilters with different acetate and glucose loadings', Ecotoxicology, vol. 18, no. 6, 
pp. 700-6. 
Zhai, H, Zhang, X, Zhu, X, Liu, J & Ji, M 2014, 'Formation of Brominated 
Disinfection Byproducts during Chloramination of Drinking Water: New Polar 
Species and Overall Kinetics', Environmental Science & Technology, vol. 48, no. 5, 
pp. 2579-88. 
Zhang, GR, Kiene, L, Wable, O, Chan, US & Duguet, JP 1992, 'Modelling of chlorine 
residual in the water distribution network of Macao', Environmental Technology, vol. 
13, no. 10, pp. 937-46. 
Zhang, J, Li, W-Y, Wang, F, Qian, L, Xu, C, Liu, Y & Qi, W 2016, 'Exploring the 
biological stability situation of a full scale water distribution system in south China 
259 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
by three biological stability evaluation methods', Chemosphere, vol. 161, no. 
Supplement C, pp. 43-52. 
Zhang, S-y, Wang, Q-f, Wan, R & Xie, S-g 2011, 'Changes in bacterial community of 
anthracene bioremediation in municipal solid waste composting soil', Journal of 
Zhejiang University SCIENCE B, vol. 12, no. 9, p. 760. 
Zhang, S, Gitungo, SW, Axe, L, Raczko, RF & Dyksen, JE 2017a, 'Biologically active 
filters – An advanced water treatment process for contaminants of emerging 
concern', Water Research, vol. 114, no. Supplement C, pp. 31-41. 
Zhang, X-X, Zhang, Z-Y, Ma, L-P, Liu, N, Wu, B, Zhang, Y, Li, A-M & Cheng, S-P 
2010a, 'Influences of hydraulic loading rate on SVOC removal and microbial 
community structure in drinking water treatment biofilters', Journal of Hazardous 
Materials, vol. 178, no. 1, pp. 652-7. 
Zhang, X, Zhansheng, W & Xiasheng, G 1991, 'Simple combination of biodegradation 
and carbon adsorption—the mechanism of the biological activated carbon process', 
Water Research, vol. 25, no. 2, pp. 165-72. 
Zhang, Y, Chu, W, Yao, D & Yin, D 2017b, 'Control of aliphatic halogenated DBP 
precursors with multiple drinking water treatment processes: Formation potential and 
integrated toxicity', Journal of Environmental Sciences, vol. 58, no. Supplement C, 
pp. 322-30. 
Zhang, Y, Li, P & Zhou, L 2015, 'Study on the release of HPC and particles in 
ozonation and biological activated carbon processes', Chemical Engineering Journal, 
vol. 276, pp. 37-43. 
Zhang, Y, Wang, Y & Zhou, L 2013, 'Influence of excess KMnO4 on the adsorption 
of powdered activated carbon', Chemical Engineering Journal, vol. 226, no. 0, pp. 
279-85. 
Zhang, Z, Wang, L & Shao, L 2010b, 'Study on Relationship between Characteristics 
of DOC and Removal Performance by BAC Filter', in 4th International Conference 
on Bioinformatics and Biomedical Engineering (iCBBE), Chengdu, China, pp. 1-4. 
Zhao, Y, Xiao, F, Wang, D, Yan, M & Bi, Z 2013, 'Disinfection byproduct precursor 
removal by enhanced coagulation and their distribution in chemical fractions', 
Journal of Environmental Sciences, vol. 25, no. 11, pp. 2207-13. 
Zhao, Z-Y, Gu, J-D, Li, H-B, Li, X-Y & Leung, KM-Y 2009, 'Disinfection 
characteristics of the dissolved organic fractions at several stages of a conventional 
drinking water treatment plant in Southern China', Journal of Hazardous Materials, 
vol. 172, no. 2, pp. 1093-9. 
260 
 
References                                                                                                                                                                                                                                                                                                                                                                                                          
 
Zhu, X & Zhang, X 2016, 'Modeling the formation of TOCl, TOBr and TOI during 
chlor(am)ination of drinking water', Water Research, vol. 96, pp. 166-76. 
Ziolkowski, LA & Druffel, ERM 2010, 'Aged black carbon identified in marine 
dissolved organic carbon', Geophysical Research Letters, vol. 37, no. 16. 
261 
 
  
Appendices 
Appendix A: X-ray Scanning electron microscope analysis data of GAC media 
used in BAC columns. 
 
(a) 
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(b) 
 
Figure A-1: X-ray Scanning electron microscope (JSM 6510) (a) back-scattered 
electron (BSE) image of GAC at × 25 magnification (b) secondary electron (SE) 
image of GAC at × 100 magnification. 
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Figure A-2: (a) X-ray Scanning electron microscope (BSE) image of GAC at × 1000 magnification (b) corresponding Energy-Dispersive 
X-ray (EDX) spectra for area A1 (c) corresponding EDX spectra for area A2. 
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Appendix B: BAC column performance in combination with EC during early 
stages of BAC service time 
(a) 
 
(b) 
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(c) 
 
(d) 
 
Figure B-1: Consistency of BAC/EC performance in terms of DOC and chlorine 
demand (a) after a month (b) after 2 month (c) after 4 month (d) after 6 month 
service time of BAC column. 
The efficiency of DOC removal and chlorine stability by BAC/EC was markedly 
high during the first month of operation due to the predominant role of physical 
adsorption. During the transition period of 2-4 month where bacteria become 
acclimated and DOC removal by physical adsorption started to decline gradually, 
subsequent coagulation process is not significantly aided by the BAC treatment. 
Once the DOC removal reaches the relative steady state (during 6 month service) 
BAC is more effective in combination with EC.  
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As with the change of the raw water quality with the season (temperature) slight 
variations in the performance of individual coagulation was observed at different 
periods of the BAC service time. However, a consistency of the BAC performance 
was seen from the early stages (Figure B-1).   
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Appendix C: Detrimental or beneficial effect of BAC desorbed compounds 
The adsorption/ desorption equilibrium play an important role in determining the 
final DOCC level that can achieve by the BAC treatment. Given enough time, when 
the concentration gradient is reversal the entire adsorbed compounds should 
theoretically desorb. How this strategy can implement in a beneficial way for the 
BAC column operation was tested employing an aged up-flow BAC column that 
operated for about 20 month continuously with Orchard Hills raw water. The Milli-Q 
water (with added NaCl and pH adjusted) was filtered through the BAC column at 40 
minute EBCT and DOC and the coagulability of the effluent (desorbed organic 
matters) was analysed over a period of 32 hours (Figure B-1).  
The desorption amount of DOC increased initially- fast desorption phase (within one 
and half hours) and then extended slow desorption phase was observed and these 
findings are consistent with the Chapter 3 batch Test-3 results. This can be explained 
as a shift from surface desorption or from unblock pores to desorption through 
carbon pores or from blocked pores. Most importantly the desorbed compounds at 
the initial fast and extended slow phase were 52% and 34% coagulable, respectively. 
This indicates the BAC not only adsorbs BOM but also adsorb coagulable ones or 
BAC may have converted BOM into coagulable form.   
 
Figure C-1: Coagulability of the desorbed DOC from the BAC column at 40 min 
EBCT. 
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The potential of any beneficial effect that can come from the desorption in terms of 
BAC/EC performance was further tested passing Orchard Hills raw water through 
the Milli-Q flushed BAC column and subjected to the coagulation. The DOC 
removal and chlorine demand results are shown in the Figure B-2 suggest that there 
is a slight improvement in the performance after allowing to back diffusion. 
However, as a result of pore blocking compounds that retard the back diffusion, the 
desorption may last longer and complete desorption of adsorbed compounds are 
unlikely, therefore, hard to expect better performance of BAC after desorption.  
 
Figure C-2: Coagulability performance of BAC effluent after desorption of organic 
compounds. 
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Appendix D: Variation of most abundant genera among the BAC granules 
collected at different times of Chapter 4 batch Test-1a  
Table D-1: Relative abundance of the dominant genus level bacteria found at 
different time periods of the batch Test-1a in Chapter 4. ‘Other genus levels’ 
represent the total representation of bacteria genus with relative abundance <1% in 
any given sample. 
Taxonomy 
No. 
Relative abundance/ % 
Day 
6 
Day 
17 
Day 
24 
Day 
30 
Day 
38 
Day 
48 
Day 
52 
Day 
58 
Day 
65 
1 6.48 4.25 6.30 4.31 6.62 5.81 4.96 6.25 5.26 
2 5.61 1.92 5.93 2.93 4.32 3.42 2.18 2.62 2.74 
3 4.67 1.68 3.44 3.25 4.92 6.69 2.94 1.28 1.09 
4 4.26 2.79 3.77 2.70 2.94 3.17 2.48 3.77 3.63 
5 3.16 4.15 3.77 3.99 4.86 4.36 7.80 6.21 9.83 
6 3.04 4.10 2.88 4.26 3.57 3.28 4.43 3.83 4.14 
7 2.70 3.18 1.75 3.18 2.60 2.49 2.96 1.95 2.03 
8 2.14 1.48 1.30 1.73 1.86 1.70 1.79 1.43 1.15 
9 2.04 2.08 2.27 2.08 1.63 1.28 0.96 1.48 1.49 
10 1.97 1.81 1.91 2.30 1.86 1.66 1.07 2.19 2.30 
11 1.94 3.09 3.85 4.80 4.10 4.16 4.36 3.77 4.19 
12 1.91 1.75 1.60 1.54 1.00 0.79 0.67 1.07 1.48 
13 1.78 0.72 1.83 0.86 0.99 1.26 0.57 0.27 1.25 
14 1.66 1.22 2.20 1.04 2.14 1.64 1.61 2.72 1.55 
15 1.61 1.68 1.23 1.80 1.35 1.07 1.10 1.33 1.38 
16 1.58 2.30 1.58 1.38 1.30 0.80 1.55 0.91 1.04 
17 1.58 0.91 1.29 1.01 1.17 1.56 0.97 1.32 1.19 
18 1.52 2.01 1.71 2.02 1.88 1.68 1.55 1.25 1.25 
19 1.51 1.14 1.08 0.80 0.72 0.72 0.41 0.99 0.93 
20 1.43 1.51 1.66 1.45 0.98 1.13 1.47 1.09 0.86 
21 1.28 1.86 2.48 3.02 0.78 0.76 0.69 0.80 1.88 
22 1.20 1.86 1.27 1.19 2.22 1.86 1.76 2.12 1.43 
23 1.10 1.01 1.35 1.52 1.56 1.50 3.82 1.90 1.66 
24 1.05 4.39 0.98 1.09 2.95 2.33 3.06 2.34 1.04 
25 1.05 0.71 0.70 0.86 0.71 0.69 0.40 0.85 0.83 
26 0.91 2.76 1.02 1.78 1.69 1.90 4.31 1.77 1.22 
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27 0.90 0.90 0.80 0.77 0.98 0.74 0.96 0.78 0.57 
28 0.89 0.54 0.58 0.61 0.69 0.69 0.46 1.00 0.78 
29 0.89 0.73 1.10 0.78 1.06 0.90 0.74 0.99 0.58 
30 0.87 0.98 1.00 1.27 1.01 0.94 1.16 1.52 1.46 
31 0.85 0.61 0.46 0.50 0.49 0.48 0.27 0.57 0.51 
32 0.84 0.77 0.60 0.64 0.73 0.83 1.04 0.43 0.52 
33 0.84 0.56 0.56 0.55 0.54 0.43 0.36 0.83 0.85 
34 0.72 0.67 0.91 0.66 0.83 1.32 0.60 0.31 0.19 
35 0.69 0.86 0.65 0.72 0.54 0.40 0.64 0.40 0.40 
36 0.69 1.10 1.34 2.03 1.49 1.33 1.20 1.64 2.31 
37 0.67 0.11 0.46 0.36 0.45 0.60 0.47 0.63 0.58 
38 0.66 1.13 1.30 1.34 0.87 1.36 0.99 1.41 1.06 
39 31.28 34.69 31.09 32.88 29.61 32.27 31.23 33.98 33.36 
 
Taxonomy: 
1 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodospirillales;f_R
hodospirillaceae;g_ 
2 
k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_Co
mamonadaceae;g_Variovorax 
3 
k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_Co
mamonadaceae;Other 
4 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Hyph
omicrobiaceae;g_Rhodoplanes 
5 k_Bacteria;p_Nitrospirae;c_Nitrospira;o_Nitrospirales;f_;g_ 
6 
k_Bacteria;p_Proteobacteria;c_Deltaproteobacteria;o_Syntrophobacterales;
f_Syntrophobacteraceae;g_ 
7 
k_Bacteria;p_Proteobacteria;c_Deltaproteobacteria;o_[Entotheonellales];f_
[Entotheonellaceae];g_ 
8 
k_Bacteria;p_Proteobacteria;c_Gammaproteobacteria;o_Xanthomonadales;
f_Xanthomonadaceae;g_ 
9 k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_;f_;g_ 
10 k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;Other;Other;Other 
11 
k_Bacteria;p_Bacteroidetes;c_[Saprospirae];o_[Saprospirales];f_Chitinoph
agaceae;g_ 
12 k_Bacteria;p_Acidobacteria;c_Acidobacteria-6;o_iii1-15;f_;g_ 
13 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Sphingomonadales;f
_Sphingomonadaceae;g_Sphingomonas 
271 
 
Appendix D                                                                                                                                                                                                                                                                                                                                                                                                         
 
14 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodospirillales;Oth
er;Other 
15 k_Bacteria;p_Proteobacteria;c_Deltaproteobacteria;o_Myxococcales;f_;g_ 
16 k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;Other;Other;Other 
17 
k_Bacteria;p_Tenericutes;c_Mollicutes;o_Mycoplasmatales;f_Mycoplasma
taceae;g_Mycoplasma 
18 k_Bacteria;p_Acidobacteria;c_Acidobacteria-5;o_;f_;g_ 
19 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Phyll
obacteriaceae;g_Mesorhizobium 
20 k_Bacteria;p_Bacteroidetes;c_Sphingobacteriia;o_Sphingobacteriales;f_;g_ 
21 k_Bacteria;p_Chlorobi;c_SJA-28;o_;f_;g_ 
22 k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_MND1;f_;g_ 
23 
k_Archaea;p_Crenarchaeota;c_Thaumarchaeota;o_Cenarchaeales;f_Cenarc
haeaceae;g_ 
24 k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_;f_;g_ 
25 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodobacterales;f_
Hyphomonadaceae;g_ 
26 
k_Bacteria;p_Bacteroidetes;c_Cytophagia;o_Cytophagales;f_Cytophagacea
e;g_ 
27 None;Other;Other;Other;Other;Other 
28 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Brady
rhizobiaceae;g_Bradyrhizobium 
29 k_Bacteria;Other;Other;Other;Other;Other 
30 
k_Bacteria;p_Planctomycetes;c_Planctomycetia;o_Gemmatales;f_Gemmat
aceae;g_ 
31 
k_Bacteria;p_Proteobacteria;c_Gammaproteobacteria;o_Xanthomonadales;
f_Sinobacteraceae;g_ 
32 k_Bacteria;p_Verrucomicrobia;c_[Pedosphaerae];o_[Pedosphaerales];f_;g_ 
33 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Hyph
omicrobiaceae;g_Hyphomicrobium 
34 
k_Bacteria;p_Bacteroidetes;c_[Saprospirae];o_[Saprospirales];f_Chitinoph
agaceae;g_Sediminibacterium 
35 
k_Bacteria;p_Proteobacteria;c_Gammaproteobacteria;o_Chromatiales;f_;g
_ 
36 k_Bacteria;p_Acidobacteria;Other;Other;Other;Other 
37 k_Bacteria;p_OD1;c_ZB2;o_;f_;g_ 
38 k_Bacteria;p_SBR1093;c_VHS-B5-50;o_;f_;g_ 
39 Other genus level 
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 Appendix E: Floc formation observations in direct coagulation and BAC treated 
water 
(a) 
 
 
 
 
 
 
 
 
 
5 mg-Fe3+/L 10 mg-Fe3+/L 15 mg-Fe3+/L 20 mg-Fe
3+/L 
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(b) 
 
Figure E-1: Comparison of floc formation in the Nepean raw water (a) by direct 
coagulation (b) BAC pre-treated coagulation. 
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 Appendix F: Variation of most abundant genera among the BAC granules 
collected at different times after backwashing  
Table F-1: Relative abundance of the dominant bacteria genus level found at 
different intervals after backwashing. ‘Other genus level’ represent the total 
representation of bacteria genus with relative abundance <1% in any given sample. 
Taxonomy 
No. 
Relative abundance/ % 
After a 
day 
After 3 
days 
After 4 
days 
After 6 
days 
After 8 
days 
After 
13 days 
After 
15 days 
1 12.49 14.19 11.10 10.21 10.99 8.21 6.78 
2 6.13 6.67 3.66 6.91 5.01 3.81 4.12 
3 5.43 3.98 3.95 2.54 4.28 1.90 1.79 
4 3.89 2.41 1.76 2.84 2.32 2.66 2.14 
5 3.32 2.85 1.91 1.42 2.08 0.97 1.29 
6 2.61 1.62 1.44 1.76 1.59 1.61 1.70 
7 2.16 1.37 1.14 2.22 1.94 2.79 1.61 
8 2.07 2.24 1.46 2.00 1.44 1.55 1.47 
9 1.99 1.60 1.03 2.00 1.49 1.82 1.69 
10 1.99 3.03 2.61 3.32 3.11 3.76 1.90 
11 1.77 2.04 1.61 1.90 2.61 1.90 1.38 
12 1.69 2.06 2.00 1.74 1.64 3.03 1.66 
13 1.67 1.64 1.60 1.72 1.48 1.73 1.91 
14 1.65 2.81 3.09 3.69 3.48 4.49 2.76 
15 1.58 1.08 1.41 1.74 1.34 1.16 1.04 
16 1.56 1.91 1.02 1.40 1.15 0.89 1.45 
17 1.49 1.84 2.04 1.83 1.51 1.75 2.46 
18 1.43 2.00 0.87 0.98 0.72 0.49 0.45 
19 1.39 1.25 1.22 1.30 0.99 1.57 1.40 
20 1.20 0.70 3.46 2.88 2.38 3.38 3.48 
21 1.07 0.94 0.72 0.85 0.92 0.80 1.05 
22 0.95 2.57 1.54 2.18 1.67 1.04 0.66 
23 0.83 1.27 1.58 1.03 0.80 0.70 0.73 
24 0.77 0.48 0.38 0.87 0.76 1.03 0.52 
25 0.71 0.87 0.56 0.74 0.72 0.87 1.10 
26 0.63 0.79 0.85 0.80 0.64 0.63 1.05 
27 0.62 0.80 1.03 0.82 0.64 0.87 0.71 
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28 0.59 0.76 0.97 1.01 0.80 0.80 1.09 
29 0.57 0.43 1.05 0.95 0.95 1.29 1.39 
30 0.50 1.02 5.19 3.14 7.47 5.96 9.71 
31 0.48 0.86 1.01 0.93 0.64 0.63 0.69 
32 0.47 0.40 1.04 1.04 1.09 1.47 0.87 
33 0.41 0.39 0.83 0.30 0.65 0.66 1.08 
34 0.29 0.41 0.88 0.61 0.75 0.86 1.05 
35 0.28 0.83 0.77 1.35 0.87 1.07 0.80 
 
Taxonomy: 
1 k__Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_;f_;g_ 
2 
k_Bacteria;p_Bacteroidetes;c_[Saprospirae];o_[Saprospirales];f_Chitinopha
gaceae;g_ 
3 
k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_Com
amonadaceae;Other 
4 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodospirillales;f_Rh
odospirillaceae;g_ 
5 
k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_Com
amonadaceae;g_Rubrivivax 
6 
k_Bacteria;p_Planctomycetes;c_Planctomycetia;o_Planctomycetales;f_Planc
tomycetaceae;g_Planctomyces 
7 
k_Bacteria;p_Planctomycetes;c_Planctomycetia;o_Pirellulales;f_Pirellulacea
e;g_ 
8 
k_Bacteria;p_Bacteroidetes;c_Cytophagia;o_Cytophagales;f_Cytophagaceae
;g_ 
9 k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rickettsiales;f_;g_ 
10 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Bradyr
hizobiaceae;g_Bradyrhizobium 
11 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Sphingomonadales;f_
Sphingomonadaceae;g_ 
12 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Hypho
microbiaceae;g_Rhodoplanes 
13 k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;Other;Other;Other 
14 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Hypho
microbiaceae;g_Hyphomicrobium 
15 k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_;g_ 
16 k_Bacteria;p_Bacteroidetes;c_[Saprospirae];o_[Saprospirales];f_;g_ 
276 
 
Appendix F                                                                                                                                                                                                                                                                                                                                                                                                         
 
17 None;Other;Other;Other;Other;Other 
18 k_Bacteria;p_Verrucomicrobia;c_Opitutae;o_Opitutales;f_Opitutaceae;g_ 
19 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Sphingomonadales;f_
Sphingomonadaceae;g_Novosphingobium 
20 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodospirillales;f_Ac
etobacteraceae;g_ 
21 k_Bacteria;p_Bacteroidetes;c_Sphingobacteriia;o_Sphingobacteriales;f_;g_ 
22 k_Bacteria;p_Proteobacteria;c_Gammaproteobacteria;o_;f_;g_ 
23 
k_Bacteria;p_Tenericutes;c_Mollicutes;o_Mycoplasmatales;f_Mycoplasmat
aceae;g_Mycoplasma 
24 
k_Bacteria;p_Chlamydiae;c_Chlamydiia;o_Chlamydiales;f_Parachlamydiac
eae;Other 
25 
k_Bacteria;p_Proteobacteria;c_Deltaproteobacteria;o_Bdellovibrionales;f_B
dellovibrionaceae;g_Bdellovibrio 
26 
k_Bacteria;p_Bacteroidetes;c_[Saprospirae];o_[Saprospirales];f_Saprospirac
eae;g_ 
27 k_Bacteria;p_Proteobacteria;c_Deltaproteobacteria;o_Myxococcales;f_;g_ 
28 k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_;f_;g_ 
29 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodobacterales;f_Rh
odobacteraceae;g_Paracoccus 
30 
k_Bacteria;p_Proteobacteria;c_Gammaproteobacteria;o_Pseudomonadales;f
_Pseudomonadaceae;g_Pseudomonas 
31 k_Bacteria;p_Verrucomicrobia;c_[Pedosphaerae];o_[Pedosphaerales];f_;g_ 
32 
k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodobacterales;f_Rh
odobacteraceae;g_Rhodobacter 
33 
k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_Com
amonadaceae;g_Limnohabitans 
34 k_Bacteria;p_Acidobacteria;c_Acidobacteria-6;o_iii1-15;f_;g_ 
35 
k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Rhodocyclales;f_Rhod
ocyclaceae;g_ 
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